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ABSTRACT
Kate Gleason College of Engineering
Rochester Institute of Technology
Degree

Doctor of Philosophy

Program

Microsystems Engineering__

Name of Candidate : Marie Yvanoff
Title: LC Sensor for Biological Tissue Characterization

Over the past few decades, there has been growing interest and increased research on bio-implantable
devices using RF telemetry links, enabling the continuous monitoring and recording of physiological data.
However the dispersive properties of tissues make this a formidable task. In the present work, a novel
technique for tissue characterization using an LC sensor is developed which allows for the extraction of the
relative permittivity, and the conductivity of dispersive tissues. The resonant frequency of the sensor is
monitored by measuring the input impedance of an external antenna, and correlated to the desired
quantities. The impact of multi-layered dispersive tissues on the setup of the telemetry link is demonstrated
where the role of the capacitor is analyzed. The sensor consists of a planar inductor, and an interdigital
capacitor. Using an equivalent circuit model of the sensor that accounts for the properties of the
encapsulating tissue, analytical expressions have been developed for the extraction of the tissue permittivity
and conductivity. In addition, the effect of the thicknesses of the tissue layers on the sensor resonant
frequency is studied. It is seen that the resonant frequency is strongly affected by the properties of the first
layer, whereas additional layers prove to have little to no effect. A saturation thickness is defined that
allows for the sensor to be implanted at a depth where it is only affected by the properties of the layer in
which it is embedded. In order to analyze the telemetry system, a single loop antenna is evaluated in
proximity to the biological tissue layer and the interaction of the electromagnetic field with the body is
assessed in terms of specific absorption rate (SAR). It is studied through different multi-layered models
composed of skin, fat and muscle, with typical values of tissue thickness. The introduction of multiple
tissue layers as well as the misalignment effect is investigated from the SAR distribution. Finally,
experimental validation has been performed with a telemetry link that consists of a loop antenna and a
fabricated LC sensor immersed in single and multiple dispersive regions.

Abstract Approval:

Committee Chair

_______________________________________

Program Director

_______________________________________

Dean KGCOE

_______________________________________
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Chapter 1
Introduction

1.1

Overview-Background

With the aim of solving challenging medical problems, for the improvement of both
the quality of life, as well as for saving lives, the field of bioengineering has grown
considerably since the first clinical implantation of a cardiac pacemaker into a human
by Elmqvist and Senning in 1958 [1] in Sweden. Elmqvist, trained as a medical doctor,
later became an engineer, and could be seen as among the first bioengineers. It is
interesting to note that the design from the two Swedish used rechargeable batteries
that were charged by an induction coil placed externally to the body. It was in Buffalo,
two years later, that Greatbatch improved upon the initial technology and implanted
for the first time a battery-powered pacemaker with a myocardial lead [2, 3].
Widespread use of the pacemaker has demonstrated that medical and engineering
fields can collaborate to solve difficult medical problems. The field of bioengineering
now offers a continuously expanding multitude of new applications for implantable
devices, for the treatment and diagnosis of a large number of conditions.
The motivation of this thesis is to contribute to the understanding of the behavior of
bioengineered devices within the human body, and in particular to understand the
impact of the properties of the biological tissues on these implanted devices. Particularly, a novel technique for tissue characterization and differentiation is developed
1

in this work using an implantable and biocompatible passive resonant sensor. The
implanted sensor communicates with a loop antenna external to the body via mutual
inductive coupling. The method is based on querying the sensor when embedded in
layered tissue with the external antenna.

RF Telemetry
Electronic devices, implanted inside the body have already proven to be useful for
therapeutic purposes [4, 5], where targeted cells are heated up. Applications include
cancer treatment using hypertermia [6, 7], microwave ablation [8] and balloon angioplasty [6]where an implanted antenna is surrounded by lossy tissues and is depositing
large amount of power in their near field due to the absorption of electromagnetic
waves. However, when surrounded in a lossy environment, an antenna’s efficiency
and performance will suffer, and the communication from an implanted device can
therefore become difficult. Nevertheless, there has been growing interest and research
on designing implantable antennas, as part of an integrated sensor for diagnostic reasons, with the objective of continuously recording physiological data. This has been
done using a telemetry system [9], where an implanted coil communicates with an
external antenna via an inductive link.
The interest in wireless power transport stretches back to the early days of electromagnetic research, when Nikola Tesla devoted much effort towards various schemes
to transfer power wirelessly [10]. Nearly a century later, the area of wireless power
transport remains a hot topic of research interest, with the use of strongly coupled
magnetic resonances showing most promise [11]. Although the ultimate goal of that
research is to allow the wireless transport of high-power in the mid-range, application
to low-power RF telemetry systems are beneficial in that they remove the need for
wires and cables connecting the implanted sensors to the storage units. Externally
powered implantable devices make use of inductive coupling to provide wireless links
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between the internal device (implant) and the external equipment. The power dissipation within the biological tissue is minimized, since the circuit only operates when
interrogated by the external monitoring equipment. Additionally, the use of inductive coupling further reduces the interaction of the fields with the biological tissue, as
biological tissues are almost completely non-magnetic at the frequencies of interest.

Advances in Implantable Devices
The main drawback of powered implants with feed-through leads, is that it limits
patient mobility, while increasing infection risks, as well as shortening the device life.
Because of limited life, batteries can limit the performance of bio-implantable devices.
In addition, the inclusion of a battery could increase the size of a device. Much
research has been dedicated to the reduction of patient pain and discomfort, which
has led to the development of less-invasive monitoring systems, that could be used
during regular day-to-day activities without inhibition. External power transmission
systems offer the ability to control the power to an implanted unit, and to control the
implanted device and monitor it continuously via an external device. (See Figure 1.1).

Figure 1.1: Battery and external power transmission for bioimplantable devices.
In addition to requiring minimal interaction between the fields and the biological
tissues, it is also desirable to reduce the physical profile of the device. Implantable
3

devices are designed to be compact, for minimal intrusion, and so that they can be
inserted into the human body with minimal trauma. Implanted devices can be categorized into two different groups: active and passive devices. The application of active
devices include glucose and oxygen sensors for diabetics [12], monitoring orthopedic
implants deformation [13], drug delivery systems [14], PH monitoring systems for
the gastro-esophageal tract, and intraocular pressure monitoring. Passive sensors are
formed with resonant circuits that consist of elements, at least one of which varies in
response to a parameter of interest (such as permittivity, or pressure, for example).
Passive sensors have been fabricated for a wide range of applications in the biomedical
field. Applications include a variety of sensors (see Figure 1.2): intra-ocular pressure
sensor [15, 16, 2, 18, 19, 9], intra-cranial pressure sensors [21], cardio-vascular pressure
sensors [22, 23, 24, 25], blood flow sensors [26], a strain sensor to monitor the progress
of spinal fusion procedures [27], and aneurysm pressure sensors [28].
Advances in microfabrication techniques [29, 30] have made a big impact on the
flexibility of device design, while providing innovative bio-sensing devices by allowing
the biological integration of microelectomechanical system (MEMS) [26, 2, 19, 27, 16].
Progress in the device design of biosensors, pacemakers and drug delivery systems have
been made possible by using MEMS technology, which provides the ability to control
their small-scale physical and chemical characteristics. A review and assessment of
new opportunities for MEMS technology for physiologically integrated devices is found
in [31].

Power Loss in Biological Tissue
A key task in RF telemetry systems involves the optimization of a sensor within the
body, to an external device [32]. The sensor will be required to couple to the device
through a number of layers of biological tissue, and so the dielectric characteristics
of the biological tissues in the stratified media must be known for the optimization
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Figure 1.2: Sensors – Implantable applications, adapted from [30].
of the device operation. The absorption, due to the wave propagating through lossy
biological tissues, will lead to heating of the tissues, which in turn can cause them
damage. For this reason, inductive coupling is preferred; the coupling is primarily
with the magnetic fields, and due to the non-magnetic nature of the biological tissues,
the interaction between the magnetic fields and the tissues will be minimized. The
absorption of water generally increases with frequency, until the first absorption bands
at terahertz frequencies, and so to minimize losses and achieve reasonable power
consumption, the frequency of the RF carrier must be kept low. Subsequently, the
transmission frequency has to be lower than a few gigahertz in order to avoid signal
attenuation along the path. This result is confirmed from experimental studies on
radiowave propagation from an implanted source [33]. Power loss within the tissue
is generally described by the specific absorption rate (SAR), which is defined as
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the rate at which electromagnetic energy is absorbed by a lossy object. SAR must
be minimized to acceptable, pre-defined standards [28], dependent on the region of
operation of a device.
The safety of radio-frequency transmission through the body is, understandably,
of vital importance to the application of a device, and thus, safety issues have been
studied extensively, in order to understand the hazards of electromagnetic radiation.
Much of the current work has been concerned with calculating specific absorption
rates (SAR) induced by an electromagnetic field. This has been done using full wave
simulation techniques (such as the finite-difference time-domain method) [35]. SAR
has also been used to determine the level of power coupling from a loop antenna [33,
34], typical of a biotelemetry system. It has been shown that the power deposition into
the body can be optimized by orienting the loop parallel to the body. The proximity of
the antenna to a human body has also been studied, in order to determine the effect it
has on the antenna’s characteristics. The investigations have been performed on single
tissue layer models, and also with bodies composed of multiple with homogenized
dielectric tissue.
In a typical biotelemetry system, the loop antenna is shown to present good coupling and power deposition with an orientation parallel to the body [33, 34]. RF
telemetry concepts for implantable micro-inductors have been validated in the presence of tissue-like phantoms [38]. However, the effect of multiple layers of tissue has
not been analyzed to date.

1.1.1

Biological Tissue

Since the dielectric characteristics of biological tissues in the stratified media must be
used in the optimization of the device operation, an accurate assessment and knowledge of the properties of biological tissue and especially their electrical characteristics
is crucial to this work. A considerable amount of work has been performed on the

6

extraction of the dielectric properties of tissues. In the 1950s, the reports on the
dielectric properties of tissue was dominated by the work of H. P. Schwan [39] with
a detailed discussion on the interaction mechanisms of RF fields with tissues. The
dielectric properties of tissue over a wide frequency range were later tabulated in [40].
Extensive study can also be found in [41, 42].
Gabriel et al. compiled a database of dielectric properties with measured results
of tissue in the frequency range of 10 Hz to 20 GHz, and modeled the frequency dependence of the dielectric properties of over 30 body tissues to parametric expressions
for inclusion in numerical solutions [7, 8, 9]. Consequently, layers of biological tissue
can now be modeled using the Debye, or Cole-Cole models derived from these studies.
A discussion on the different properties of biological tissues and the available models
to characterize their complex permittivity can be found in Chapter 2.

Phantom Materials
Due to the obvious difficulties in performing experimental measurements with biological tissues, there has been much interest in creating artificial materials that would
model the electrical properties of a particular biological tissue. These artificial materials are called phantom materials, and have proven extremely valuable for the purpose
of experimental verification of any particular device. A number of studies has been
performed in order to create materials that could simulate the characteristics of particular areas of the human body. Most of the developed phantoms are created in an
attempt to mimic both the conductivity and permittivity of a biological tissue over
a particular frequency range. This is not trivial as the electrical properties of tissues
vastly differ between organs. Even for the same organ, there may be significant differences between the properties of the deceased and the healthy states. Furthermore,
the tissues are dispersive materials, with the electrical properties varying greatly with
frequency, and it is thus even more of a challenge to design a material to model the
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properties.
Various recipes for tissue-equivalent dielectric liquids have been proposed based
on the values of the dielectric characteristics of the biological tissues. Most of the
previously developed phantoms attempted to mimic both the conductivity and the
permittivity of the human body. They have been used to evaluate biological hazards
of microwaves [46], determine the heating patterns produced in hyperthermia for the
treatment of cancer [47, 48, 49], and to study the interaction of wireless transmitters
with wireless receivers [50]. Below 1GHz, phantom liquids are usually made of deionized water, NaCl, sugar, and cellulose [51, 52, 53]. The liquids are mixed to obtain
the desired response, and ideally they show good time-stability in the conductivity,
as well as a predictable temperature response. Although the human head consists
of many different types of tissues, such as skin, fat, muscle, bone, grey matter and
white matter, the standards employ a dielectric liquid with which strict conditions
are possible [54].

Tissue Characterization/Differentiation
The differences in the frequency dependent electrical properties of tissues allows them
to be differentiated, essentially by extracting and comparing the relative permittivities
and conductivities. Over the past few decades, tissue characterization has received a
considerable amount of attention thanks to a broad range of applications, including
the detection of heart movement, the motion of lungs or chest walls and of vocal cord
activity, as well as breast cancer detection [20,24,25]. The latter takes the advantage
of the difference between healthy and diseased tissue to differentiate between the two.
High contrast between the electrical properties of normal and cancerous cells exists.
Recently, characterization of in vivo and ex vivo dielectric properties of liver has been
obtained [27]. Results showed that ex vivo and in vivo normal and malignant liver
tissues were significantly different at 915MHz and 2.45 GHz. Differences in relative
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permittivity and conductivity, as high as 30% were measured between ex vivo normal
and malignant liver tissues. While an increase in conductivity of 16% was found for
the in vivo malignant tissue as compared to the normal tissue.

1.1.2

Dielectric Characterization

The database of biological tissues properties compiled by Gabriel et al [7, 8, 9] was
possible thanks to measurements obtained from open ended coaxial probes in contact with samples of excised tissue. From the measurements of the probe impedance
over a wide range of frequency, the complex permittivity of the unknown sample can
be calculated. Among the open-ended coaxial probe method, a number of different
dielectric characterization techniques, each of which is suitable for a particular frequency range [59]. They range from DC measurements up to the microwave and
millimeterwave frequencies, and on to the infrared frequencies. A series of comprehensive reviews covering a large number of different characterization techniques can
be found in [60, 61, 62]. Each of the different dielectric measurement techniques encompass a wide range of parameters – frequency range; accuracy of permittivity and
high-/low-loss measurements; sample size; broadband/narrowband – and so they are
each suited for different needs and applications.
Lumped element circuits are commonly used to determine the complex permittivity of dielectrics from DC to the hundred MHz range. Typically, the lumped element
parameters are determined from measurements of the impedance, and subsequently
the material parameters may be determined [63]. Capacitance techniques, in particular, are useful from DC to megahertz frequencies [64]. This can be as straightforward
as a parallel-plate capacitor, in which the dielectric under test is deposited in between
two electrodes, and the permittivity is obtained from the capacitance measurements.
In [65, 66, 3], a sensor was developed with interdigital capacitors to wirelessly extract
complex permittivities. This technique is applicable at higher frequencies, and re-
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lies on the creation of a resonant circuit for measurement. In the microwave and
millimeter wave bands, transmission line methods are commonly used to determine
the electrical properties of a sample. The use of transmission line methods requires
that the material-under-test is placed inside an enclosed transmission line, such as a
rectangular waveguide or a coaxial line. The broadband complex permittivity is obtained from the measurement of both the reflected and transmitted signal. Table 1.1
provides a quick comparison between some of methods described here.
In this work, two techniques for tissue characterization will be presented. A broadband material parameter extraction technique based on the direct measurement of the
biological tissue will be presented to obtain the relative permittivity and conductivity over a large range of frequencies. Experimental measurements of biological tissue
phantom obtained from this technique will be compared to the results measured from
the open ended coaxial technique.

Table 1.1: Dielectric characterization techniques

1.1.3

Interdigital Sensors

As quoted from [12]:
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”A sensor is a device whose output can be quantified and changes with
one or more physical phenomena. This output information can be used
for process monitoring and control ”.
Interdigital electrodes have a number of advantages and have been widely used
as sensors. They are inexpensive, and easy to fabricate, and have been used over
a wide range of applications, such as chemical, biological, microelectromechanical,
and piezoacoustic sensors [12]. The use of interdigital capacitors is not limited to
sensors; they can also be used as actuators. They have traditionally been used as
planar capacitive elements, for example in the design of high-pass or band-pass filters.
Recently, they have been used in a similar manner as a part of a transmission line,
creating the series capacitance required in order to model a left-handed transmission
line, or materials. They also have been used to control the radiation pattern of an
antenna. One of the emerging field of interdigital capacitor uses multiple spacing
of the electrodes in order to determine the skin depth, this has imaging capabilities
as it would be possible to have access to stratified layers, this is called interdigital
frequency-wavelength dielectrometry [69] .

1.2

Contributions of Present Work

The major contribution of the present work is the development of a technique for
tissue characterization and differentiation using an LC sensor that consists of a planar
inductor, and an interdigital capacitor. The method is based on querying the sensor
when embedded in layered tissue with an external antenna. From the measurement of
the input impedance of the antenna, the resonant frequency and the input impedance
of the sensor are obtained. Using an equivalent circuit model of the sensor that
accounts for the properties of the encapsulating tissue, analytical expressions have
been developed for the extraction of the tissue permittivity and conductivity. The
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telemetry link, or transport of information, is achieved by inductive coupling between
the inductor in the LC sensor and the external antenna. The use of an interdigital
capacitor in the sensor allows for tissue characterization since the dielectric properties
of the tissue in which it is embedded will affect its impedance and resonant frequency.
The capacitor saturation is first studied as a function of the number, and thickness,
of tissue layers present. A saturation thickness is defined, which allows for the sensor
to be implanted at a depth where it is only affected by the properties of the layer in
which it is embedded. It is demonstrated that all other layers over it do not affect
the resonant frequency or input impedance of the sensor.
The sensor impedance is obtained from the measurements made by an external
antenna. In the present work, a resonant frequency technique has been developed
for extracting the electrical properties of the tissue in which the sensor is embedded. Equivalent circuit models have been developed to include the encapsulating
tissue properties in terms of capacitance and conductance. From the measured input impedance of the external antenna, the sensor impedance is determined. Before
embedding the sensor in tissue, a calibration procedure is done where the sensor
resonant frequency is noted. This eliminates the inductance and all parasitic capacitances in the final analytical expression. With the sensor now embedded in tissue, the
frequencies at which the sensor conductance becomes a maximum and at which the
susceptance becomes zero are noted. Analytical expressions have been developed to
relate these frequencies to the capacitance and conductance in the circuit model, from
which the dielectric permittivity and conductivity of the tissue are determined. Since
the resonant frequencies respond very well to the dielectric permittivity and conductivity of the tissue, this method also provides for a tissue differentiation between its
healthy and diseased states. The differences between the dielectric properties of the
healthy and diseased states, as well as between the different tissue types, are discussed
in chapter 2.
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Also developed is another technique, referred to in the present work, as a broadband frequency technique, for the extraction of the tissue characteristics over a large
frequency range. The advantages and limitations of the two methods have been investigated.
The present work also addresses the issues that impact the performance of the
bio-telemetry link resulting from the dispersive properties of tissues. It should be
emphasized that there is a very limited study of this type in the literature to date.
A monitoring system is designed, consisting of a transmit/receive antenna and a
sensor, that allows the creation of a communication link through biological tissue.
The power loss through the tissues, or specific absorption rate (SAR), is determined
by the number of layers and the dielectric properties of the tissues using a plane wave
propagating through the layers. For this case, a one-dimensional analytical model
is setup by calculating the reflections and transmission of the EM waves through
dielectric layers with dispersive properties. The power loss through different multilayered models composed of skin, fat and muscle, with thicknesses applied from a
typical human body, is calculated and compared to simulation results. The effects of
frequency, electrical tissue properties, and tissue thickness on SAR are demonstrated.
It is shown that there is a large amount of reflection due to the presence of the skin
in the model; therefore, skin should be included in the models. The effect of the
fat layer thickness is also demonstrated, and it is shown that higher SAR values are
expected to appear in the muscle layer, as the fat thickness tends towards a quarter
of a wavelength. The non-homogeneity of the skin layer is also taken into account as
the propagation through a model of skin, composed of the dermis and the epidermis
is compared to the propagation of a one layer model of skin. The coupling from a
single loop antenna representing a typical biotelemetry system into the body is then
presented. The effects of layered biological tissues on a bio-telemetry link emitted
from a loop antenna are then studied [1] with respect to SAR levels. In this second
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case, the effects of the different biological layers are again demonstrated.
The versatility of a resonant LC sensor is illustrated by another application for
the monitoring of intra-ocular pressure (IOP). Here a MEMS sensor with a parallel
plate capacitor is designed, wherein a shift in the resonant frequency that is achieved
by a deflection of one of the plates is related to the IOP pressure.
Experimental validation has been done, with a telemetry link that consists of a
transmit/receive loop antenna, and a fabricated LC sensor immersed in single and
multiple dispersive regions.

1.3

Organization

Pursuing the introductory chapter, the rest of the thesis is organized as follows;
Chapter 2 studies in detail the radio frequency link within the biological tissue.
The characteristics and complexity of the electrical properties of human tissue layers are first discussed. The propagation of electromagnetic waves through the body
represented as multiple tissue layers is demonstrated for the plane wave case where
an analytical method is presented and compared to simulation results. The coupling
from a loop antenna external to the body is then analyzed in terms of specific absorption rate (SAR), representing a typical biotelemetry system. The importance of
considering multiple tissue layers in order to determine the maximum possible power
than can be used in the system is shown.
Chapter 3 investigates the design of a telemetry link with an implantable LC
sensor for two different applications, pressure monitoring and tissue characterization.
The design of the inductor and different capacitor is studied where the capacitor
configuration is specific to each application. The operation principle of the telemetry
link and the method to relate the resonant frequency due to parameters of interest is
discussed. Finally, the frequency shift due to the presence of biological tissue is studied
and modeled for various capacitor values. The role of the choice of the capacitance
14

value is demonstrated. By monitoring the input impedance of the external antenna,
it is shown that the shift in resonant frequency can be measured and correlated to
different physiological parameters depending on the application.
Chapter 4 focuses on fully characterizing the LC sensor for tissue characterization.
Using an equivalent circuit model of the sensor that accounts for the properties of
the encapsulating tissue, analytical expressions have been developed for the extraction of the tissue permittivity and conductivity. Techniques for de-embedding the
individual circuit lumped element of the sensor from the shift in resonant frequency
is developped. The capacitor is then studied as a function of saturation thickness for
which a saturation criteria is developed so that only the characteristics of the first
tissue layer surrounding the implanted sensor are extracted. Two techniques are for
the extraction of the tissue characteristics, namely, a resonant frequency technique
and a broadband frequency technique.
Chapter 5 validates the techniques for tissue characterization and differentiation.
Based on monitoring the input impedance of an external antenna, the extraction
of the permittivity and the conductivity of the first encapsulating tissue layer is
demonstrated using the analytical model derived in this work. Both techniques are
validated when the sensor is embedded in dispersive biological tissues. The methods
are demonstrated with sensing layers having dispersive electrical properties equivalent to biological tissues. Experimental results with a telemetry link consisting of a
external loop antenna and fabricated LC circuits immersed in single and dispersive
regions are shown.
Chapter 6 concludes the present work and provides a summary of the main contributions. Finally, the potential directions for future work are given.
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Chapter 2
Electromagnetic Field Propagation in Biological
Tissue

The performance of a bio-telemetry link will be affected by the propagation of electromagnetic waves through the human body. The propagation of the electromagnetic
waves must therefore be analyzed, in order to optimize the response of the embedded
device with respect to the nature of its application. The behavior of the electromagnetic field propagating through biological tissue is determined by the dielectric
properties of the tissue. The human body exhibits large inhomogeneities in both its
physical make-up, and subsequently its dielectric properties; the body is composed of
a number of different tissue layers, each represented by its own permittivity. Additionally, the characteristics of a particular tissue may alter as it experiences a change
between a healthy and a deceased state. The telemetry system, including the implanted device, will need to be tuned based on both the position of the device, in
addition to the dielectric characteristics of the tissues that the electromagnetic waves
will propagate through.
There have been previous studies investigating the propagation of electromagnetic fields through the tissues of the human body. The earliest models considered
a tissue represented by just a single layer [1, 2]. Later works were extended to include multiple layers. In particular, the inclusion of the skin layer, and its absorption
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of the propagating wave, improved the level of realism of the model [3]. Studies on
electromagnetic field propagation using multi-layered media have considered both the
near-field regions of the transmitters [4], as well as the far-field exposure conditions [5].
In this chapter, we begin by describing the electrical response of human tissues,
before proposing a method to estimate power loss within the multiple tissue layers,
for the case when a plane wave is propagating through the body. However, this does
not represent an ideal case; the waves are generated in practice by antennas, which
are finite sources and therefore non-planar. The coupling from a single loop antenna
representing a typical biotelemetry system into the body will be presented.

2.1

Electrical Characteristics of Biological Tissue

The dielectric properties of a non-magnetic material determines how it interacts with
an applied electromagnetic field. In this section, the relative permittivity and conductivity of a dielectric material will be defined, and its effect on a number of properties
of a propagating electromagnetic wave will be described. In particular, the specific
absorption rate (SAR) will provide an expression for the energy distribution within
the dielectric material. Dielectric response models for biological tissues are then
described, and the dielectric properties of different biological tissues are presented.
Finally, a discussion is included of the various characteristics of the dielectric properties, including possibilities of anisotropy, conduction at low frequencies, and the effect
of cancer malignancy on the dielectric response.

2.1.1

Dielectric Materials

James Clerk Maxwell unified the electric and magnetic fields, when in 1873 he published his seminal set of equation. The solution of these equations will describe the
propagation of microwave energy through a material. When a material is subject
to an electromagnetic field, the charged particles of the materials produce currents
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and modify the wave propagation compared to that in free space. The following
constitutive relations relate the field intensities to the flux densities [6],

~ = ˆE
~
D

(2.1a)

~ = µ̂H,
~
B

(2.1b)

while the current density is related to the electric field intensity by

~
J~ = σ̂ E.

(2.1c)

~ is the electric field intensity (V/m), B
~ is the magnetic flux density (Wb/m2 ),
where E
~ is the magnetic intensity field (A/m), D
~ is the electric flux density (C/m2 ), J~ is
H
the current density(A/m2 ) and ρ is the charge density.
In the preceding consitutive relations, ˆ, µ̂ and σ̂ are respectively, the complex
permittivity, the permeability, and the conductivity of the media, which are in general
functions of the field strength, the position within the medium, the direction of the
applied field and the frequency. Propagation through a non-magnetic material, with
µ = µ0 = 4π × 10−7 H/m, can be described solely with the use of the complex
permittivity. The complex permittivity describes the interaction of a material with
~ It is also known as absolute permittivity, and may be written as,
an electric field E.

ˆ(ω) = 0 + j00 = 0 +

σ
.
jω

(2.2a)

In addition, a complex relative permittivity, ˆr , may be defined such that,

ˆ(ω) = 0 ˆr (ω)

ˆr (ω) = r (ω) +
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σ(ω)
,
jω0

(2.2b)

(2.2c)

where ω rad/s is the angular frequency, 0 = 8.854 10−12 F/m is the permittivity of
free-space. The real part of the relative permittivity, r , and the conductivity σ (S/m),
are all that is required to describe lossy, frequency-dependent media, assuming nonmagnetic materials (µ = µ0 ). The real part of the permittivity, 0 , is a measure of how
much energy from an external electric field is stored in a material. The imaginary part
of the permittivity, 00 , is called the loss factor, and is a measure of how dissipative,
or lossy, a material is to an external electric field. These values are usually used to
describe the single frequency characteristics of a dielectric media, but they may vary
with frequency.

2.1.2

Dielectric Properties of Biological Tissue

The dielectric properties of biological tissues have previously been determined by
Gabriel et al, [7,8,9]. In Figure 2.1, the electrical properties of four different biological
tissues (skin, fat, muscle, and liver), have been plotted. It is evident that the complex
permittivities are rarely constant over any given frequency range. In general, up
until the microwave frequencies, the real parts of the permittivities will decrease
with increasing frequency (Figure 2.1a), whereas the conductivities will increase with
frequency (Figure 2.1b).
The changes in both permittivity and conductivity are over steps of frequency
defined as dispersion steps. At low frequency, materials can show quite large dispersions. With the tissue parameters varying greatly with frequency, there have been a
number of suggestions for dielectric response models known as dispersive models, to
replicate their behavior over a broad frequency band.

2.1.3

Dispersive Models

The frequency dispersion of the tissue’s material characteristics can be explained
by the relaxation time required for dipoles to become oriented or polarized, on the
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(a)

(b)

Figure 2.1: (a) Relative permittivity r and (b) conductivity σ as a function of frequency for skin, fat, muscle and liver tissue, from the measured data in [7, 8, 9] .
application of an external electric field. The relaxation time of a material, τ , is
used in a number of models to describe dispersive materials. Amongst the most
popular of these models are the Debye, and the Cole-Cole dispersion models. Debye
relaxation [10] represents the ideal case, with a noninteracting population of dipoles
responding to an applied electric field. The single-pole Debye expression, obtained
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from the Laplace transformation [11], is given as:

ˆ = ∞ +

s − ∞
,
1 + jωτ

(2.3)

where ∞ is the permittivity as the frequency tends to infinity (ωτ >> 1), and s is
the static permittivity, with ωτ << 1.
The model can be extended to account for the losses due to the conduction currents, and the static conductivity in the relaxation equation. The Debye expression
given in (2.3) is modified to [11],

ˆ = ∞ +

jσs
s − ∞
−
,
1 + jωτ
ω0

(2.4)

where σs is the static conductivity.
However, due to the complexity of biological tissues, only a few materials will
fit the properties of the single-pole Debye model. It is therefore necessary to introduce models with multiple dispersions processes, in order to adequately describe the
wideband characteristics of the dielectric materials. The multi-pole Debye model [9]
includes multiple Debye terms, with relaxation times well separated, such that

ˆ = ∞ −

jσs X ∆n
+
,
ω0
1 + jωτn
n

(2.5)

where τn is the relaxation time, and ∆n = sn − ∞ is the change in the relative
permittivity over the nth dispersion region.
While the Debye multi-pole model accounts for the different dispersion regions,
it does not impact the broadening of the width of any particular resonance. The
Cole-Cole model does allow control of this width, and is given as [9],

ˆ = ∞ −

jσs X
∆n
+
ω0
1 + (jωτn )(1−αn )
n
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(2.6)

where αn is the distribution parameter for each dispersion regions.
There exist a number of other expressions that are used to model dielectric dispersion data, including the Cole-Davidson models , and the Havriliak-Negami relation,
which is a generalization of the Cole-Cole model to allow for asymmetric resonances.
More recently, in 1999, Raicu [12] developed a model combining Debye disperson with
the universal dielectric response behavior,

ˆ = ∞ −

∆
jσs
+
,
α
ω0 [(jωτ ) R + (jωτ )(1−βR ) ]γR

(2.7)

where αR , βR and γR are real constants in the range from 0 to 1. With appropriate
values of αR , βR and γR , the model becomes the Debye, Cole-Cole, or Cole-Davidson
models. ∆ is defined as a dimensional constant which in some cases reduces the
dielectric increment previously defined (s − ∞ ).
2.1.4

Further Characteristics on the Properties of Tissues

In order to study the propagation of electromagnetic waves within the body, a layered
tissue model is often used. In most cases, the model can be selected to be composed
of three different tissue layers: skin, fat, and muscle. A short description of these
tissues is now presented. In addition, a number of important aspects of biological
tissue layers are discussed. These will help in the modeling of the relevant sections of
the human body.

Skin Tissue
The skin layer is composed of two layers, the dermis and epidermis [13]. The epidermis
is the outermost region and is a dry region composed of different layers [14]. Adjacent
to is the wet skin region, the dermis. The overall thickness of skin vary between 1.5
to 4 mm. It is interesting to note that the thickness varies in the different body part
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as it does between male and female and with age. These variation usually relates to
the water content of the skin. The skin thickness is reported for 0-5 years children
and 26-60 years old adults in [14]. Recently, Raicu et al [15] reported low frequency
measurements of dry and wet skin, as plotted in Figure 2.2.

(a)

(b)

Figure 2.2: (a)Permittivity of dry and wet skin from 10 to 100MHz. (b) Conductivity
of dry and wet skin from 10 to 100MHz [15]. The dispersive behavior of the tissue
permittivities and conductivities are evident; the tissue permittivities decrease with
frequency, while the conductivities increase. Significantly, although the dry and wet
skins have similar permittivity responses, their conductivities differ in this frequency
range.
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Fat Tissue
Underneath the dermis is found the hypodermis (or subcutaneous tissue) which
merges with the subcutaneous adipose tissue (SAT) containing a certain amount
of fat. The maximum value of SAT is of 23.2mm [5] without including the extremely
obese people.

Muscle Tissue
Muscle tissue thickness can also vary greatly depending on the location and individual.
Up to 60mm of muscle thickness has been reported [5]. Although many studies do not
include the orientation of the measurement in their results, muscle tissue also have
anisotropic electrical properties [16,17]. The permittivity of the longitudinal direction
of the fibers compared to the direction perpendicular to the fibers is different [16]. In
Table 2.1, the properties of skin, fat, and muscle are listed at 900MHz.
Table 2.1: Properties of Skin, Fat and Muscle at 900MHz [1], as measured on dead
tissue. Tissue properties may vary dependent on, among other things, age and sex
[19].
Tissues r
σ(S/m) ρ(kg/m3 )
Skin
41.4
0.87
1010
Fat

5.5

0.05

920

Muscle

55

0.94

1040

As seen in Table 2.1, muscle and skin tissues have higher conductivities and permittivities values than lower water content tissues such as fat. The impact of these
tissues and their thicknesses on the power loss within the body is studied in the next
sections at different frequencies.

33

Homogeneity of the Tissues
The human body is composed of soft and hard tissues which contain certain amount of
water. When modeling and measuring the human tissues, homogeneity of the tissues
is usually assumed. The most used technique to measure the electrical properties of
tissue is dielectric spectroscopy. A electromagnetic field is sent to a volume of tissue
and the final measured value is average throughout this volume. As mentioned before,
these techniques usually require a probe to be in contact with a large sample of biological tissue. Therefore, it can be a problem to determine the range of heterogeneity
of a tissue.
Recently, an extensive database of dielectric properties of normal breast tissue has
been realized and the experimental measurements are reported in [20]. In this study,
the heterogeneity of breast tissue was observed and it was shown that the dielectric
properties of breast are determined by the adipose content of each tissue.
The measurement of the dielectric properties of the skin layers is also a challenge.
This is because the layers have properties that are frequency dependent. This is
demonstrated in Figure 2.2.

Isotropy of the Tissues
Most of the studies of biological tissue do not include orientation of the measurement
in their results. As discussed previously, muscles have anisotropic properties, although
for most tissues, the assumption of isotropy is valid.

Conductivity of Tissue at Low Frequency
An investigation of tissue conductivity in the frequency range of 100 KHz to 10 MHz
can be found in [21]. They showed that the conductivities of high water content tissue
(such as liver, kidney, lung, etc.) were not significantly different at these frequencies.
Although blood was found to have high conductivity while fat and bone had low
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conductivities. Below 100KHz, problems of electrode polarization introduced error
in the complex permittivity extraction [22]. However, the conductivity of tissues
decreases with frequency. This highlights the existence of tradeoffs when choosing a
frequency range of operation for bio-implantable devices.

Differences Between Normal and Malignant Tissue
Differences between the electrical properties of normal and cancerous cells exists.
This comes from the fact that tumors have higher water content than normal tissue.
Higher permittivity and conductivity at microwave frequency have been observed for
malignant tissue [23].
Normal breast tissue properties are similar to body fat. The study of the dielectric characteristics of breast tissue has been widely spread since the first report of
the contrast in the dielectric properties between normal and malignant breast tissues [24]. New methods to detect breast cancer at an early stage with high sensitivity
have emerged from ultra-wideband (UWB) microwave techniques over the frequency
range of 1-11 Ghz [25]. There is therefore a growing interest to use the contrast between malignant and normal tissue in order to find new techniques towards detecting
cancerous cells prior to their visibilities by x-rays.
Liver cancer is among the most common cancers worldwide. Alternative treatment
methods to surgical resection are being sought. Among them, the microwave ablation
(MWA) technique, wherein an antenna is inserted into the tumor, has shown great
promise [26]. Recently, ex vivo and in vivo measurements of normal and malignant
liver tissue from 0.5 to 30 GHZ using the open-ended probe technique were reported
[27].
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2.2

Specific Absorption Rate in Multi-Layered Tissue Model

Specific Absorption Rate (SAR)
As previously mentioned, biological materials are lossy mediums, and so they will
absorb and dissipate as heat, the energy of the EM waves impinging on their surfaces.
The amount and distribution of the energy absorbed in a biological object, exposed to
RF energy, is related to the internal E- and H-fields. As the incident wave penetrates
through a biological object, the fields interact at the various tissue interfaces, resulting
in a complex distribution of the local fields. These internal fields are related to a
number of parameters including frequency, dielectric properties of the tissues, the
geometry and orientation of the object with respect to the incident field vectors, and
whether the exposure is in the near or far field of the source. The resulting distribution
of energy can be described in terms of the specific absorption rate (SAR). The specific
absorption rate has been defined to measure the maximum rate at which energy is
absorbed by the body when exposed to electromagnetic fields. This can be expressed
as the time derivative of the incremental energy, dW , absorbed by or dissipated in an
incremental mass, dm, and contained in a volume, dv, of a given mass density ρ [28]:
d
SAR =
dt



dW
dm



d
=
dt



dW
ρdv


.

(2.8)

SAR can also be related to the electric fields using the following equation,

SAR =

σ 2
|E |,
2ρ

(2.9)

where E is the electric field [V/m], ρ and σ are the tissue density [kg/m3 ] and conductivity [S/m] respectively.
The limits, which apply in general for mobile telephones and similar apparatus, are
drawn directly from the applicable source documents: ANSI/IEEE C95.1 for the US
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and CNIRP for Europe and most of the rest of the world. Two limits are used [29,30]:
a lower value of 0.08 W/kg, for exposure averaged over the whole body, as well as a
higher value (US:1.6 W/kg and Europe:2 W/kg) applicable to local exposure to parts
of the body. This partial-body SAR is averaged over a volume of tissue defined as a
tissue volume in the shape of a cube (1g of tissue as opposed to 10g for the European
standard).
Figure 2.3 illustrates the specific absorption rate (SAR) as a function of the propagation distance z inside the layers of tissue for different biological material at 900
MHz. The results have been obtained from simulating a plane wave impinging onto
one layer of tissue. The dielectric properties of the tissue at 900 MHz are given in
Table 2.1 where ρ is the tissue density . As expected, the SAR levels are higher for
tissues with higher conductivity. As the propagation distance z increases, the electric
field inside the tissue attenuates, as does the SAR level.

Figure 2.3: Specific Absorption Rate (SAR) at 900 MHz as a function the propagation distance z, the depth inside biological tissue- Comparison for different biological
tissue.
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2.2.1

Analytical Model

Planar layered inhomogeneous media is analyzed with their solutions to wave propagation using analytical techniques [31]. Figure 2.4 illustrates the reflection and
transmission mechanisms for a general case of N layers.

Figure 2.4: Reflection and transmission for N layers.
The reflection and transmission of a transverse electric (TE) wave perpendicular
to the planar boundary and propagating in the z direction is considered where the incident field has an initial amplitude A1 and is polarized in the y direction. Rn,n+1 and
Tn,n+1 represent the Fresnel reflection and transmission coefficient at each boundary
for the electric field.
Rn,n+1 =

µn+1 knz − µn k(n+1)z
µn+1 knz + µn k(n+1)z

(2.10)

Tn,n+1 =

2µn k1z
µn+1 knz + µn k(n+1)z

(2.11)

where knz is the wave propagation number in each region. Each region is a combi38

nation of the transmitted wave from the previous region and a reflected wave from
the next region. The solutions for the electric field and magnetic field at each region
are obtained by applying boundary conditions at each interface. The electric and
magnetic field generalized for N number of layers can be expressed in each nth region
as [31]:
en,n+1 e2iknz dn +iknz z )
eny = An (e−iknz + R

(2.12a)

An −iknz
en,n+1 e2iknz dn −iknz z )
(e
−R
ηn

(2.12b)

hnx =

en,n+1
Where An is the amplitude of the nth region, d is the depth inside the tissues, R
is the generalized reflection coefficient between the boundary of the nth and (n + 1)th
regions. As opposed to the reflection coefficient defined in (2.10), the generalized
en,n+1 take into account the contributions of all the
form of the reflection coefficient R
en,n+1 are defined as the following [31],
N layers. An and R
Tn−1,n An−1 e(k(n−1)z −knz )dn−1
An =
en,n+1 e2ik(n+1)z (dn −dn−1 )
1 − Rn,n−1 R

(2.13a)

2ik(n+1)z (dn+1 −dn )
e
en,n+1 = Rn,n+1 + Rn+1,n+2 Tn+1,n e
R
en+1,n+2 e2ik(n+1)z (dn+1 −dn )
1 + Rn,n+1 R

(2.13b)

The average power in each region is also defined as
1
Snave = Re(eny × h∗nx )
2
where

∗

(2.14)

indicates the complex conjugate. As described previously, the specific ab-

sorption rate (SAR) in each region values can be calculated using

SAR =

σn 2
e
2ρn ny

Where σn and ρn are the conductivity and density of the nth region.
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(2.15)

In the next section, a simulation model using a finite element tool will be established in order to validate it with the analytical techniques just presented.

2.3
2.3.1

Validation of Simulation Model with Analytical Results
Layered Tissue Model

The layered tissue model can, in most cases, be selected to be composed of three
different tissue layers: skin, fat, and muscle. In accordance with [14], the skin layer
consists of the epidermis and dermis layers and, while varying greatly between individuals, it does in general have a thickness of between 0.4 and 4mm. The layer
directly underneath the skin is called the subcutaneous adipose tissue (SAT), and is
made up of fat. Neglecting cases of obesity, the fat layer can have a thickness of up
to around 23mm.
In the following examples, the model presented above, consisting of the skin, fat,
and muscle layers, will be studied. The skin layer will have a thickness ds of either
1.5mm or 4mm, while the fat layer will have a thickness df of 10mm or 20 mm. The
thickness of the muscle layer (transverse fiber) dm will be kept constant at 40mm.
Reflections, and other effects on a propagating wave, due to the deeper-lying tissue
layers are not considered due to the high attenuation of these deep layers. The model
considered in these examples may be considered as a generic model, representative of
most body regions [4]. This is due to the fact that organs have similar electrical properties to muscle, and likewise, fat has similar electrical properties to bone. In the next
examples, we will characterize the propagation of the electric field from a plane wave
for four different chosen frequencies, 100 MHz, 400 MHz, 900 MHz and 1800 MHz.
The planar layered model, used to study the propagation of electromagnetic fields
through biological tissues, is shown in Figure 2.5. The plane wave propagates first
through a semi-infinite region of free space, prior to its incidence on the first tissue
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layer.

Figure 2.5: Layered planar tissue model.

2.3.2

Simulation Setup

Simulations of a plane wave, propagating onto a layered medium, have been performed
using Computer Simulation Technology (CST) Microwave Studio [3]. The model used
is shown in Figure 2.6. Periodic boundary conditions are applied to the top, bottom
and side surfaces, in order to represent media that are doubly-infinite in the transverse
directions. Open boundary conditions are applied in the directions of propagation
of the incident wave, in order to terminate the model. The distance of free space is
fixed at 10mm, and so the termination with the open boundary will reduce reflections
to levels such that they may be neglected. Thus, the free space region will in effect
be semi-infinite. The same is true for final, terminating layer of the tissue model.
The thicknesses of the different tissue layers, in between the free space region and the
terminating tissue layer, are varied. The CST simulation results are then compared to
analytical solutions, for a plane wave propagating onto a one layer, and multi-layered
tissue models.
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Figure 2.6: Geometry setup with CST of a plane wave propagation onto a layered
media.
In order to properly simulate the electrical properties of human tissues, it is necessary to find accurate models for simulation. CST was chosen since it offers the
possibility to simulate dispersive materials using 1st and 2nd order Debye model.
From the measured results of r and σ available in [1], the real part 0r and imaginary part 00r of the permittivity of wet skin, dry skin, fat and muscle have been plotted
in dashed lines in Figure 2.7. Using CST, it is possible to generate the permittivity
profile of 0r and 00r corresponding to the 2nd order Debye model in (2.5). The curve
fitted data from CST are plotted in solid lines in Figure 2.7. The simulated models
of dry skin, wet skin, fat and muscle layer will be used for the simulation results in
the present work.
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(a) Wet skin.

(b) Dry skin.

(c) Fat.

(d) Muscle.

Figure 2.7: Second order Debye model in CST in solid lines fitted to the measure
results from Gabriel et al. [1] in dashed lines for various biological tissues.
2.3.3

Specific Absorption Rate in Dermis and Epidermis

First the absorption of electromagnetic waves into a simulated layer of skin is analyzed. As mentioned above the skin is composed of two main regions, a dry region;
the epidermis, and a wet region; the dermis. According to [14], the epidermis is a
very layer in the order of tens of microns. The absorption of a plane wave is studied
in three different model as shown in Figure 2.8, a 4 mm thick layer of dermis or wet
skin, a 4 mm thick layer of epidermis or dry skin, and a 4 mm thick model comprised
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of 50µm of epidermis and the rest as dermis.

(a)

(b)

(c)

Figure 2.8: Skin models: (a) Wet skin (b) Dry skin (c) Dry+wet skin model.
The SAR distribution of a plane wave in the three different models shown in
Figure 2.8 are plotted in Figure 2.9 at 100 MHz and 1800 MHz. At 100 MHz, the
SAR peak values are low and the differences between the three models are negligible.

At 1800 MHz, only 0.6 dB difference is noticed in the peak values of SAR between
the first and second model, while the SAR values of the third model with dry and
wet skin regions is comparable to the model with only a wet skin region. Thus, in
the following sections, the model for the skin layer will utilized the dispersion values
available for wet skin.
2.3.4

Free Space - Muscle Propagation

The propagation of a plane wave, directly from free space onto a muscle layer, is first
considered. The electric field and SAR are plotted, as a function of the propagation
distance z, in Figure 2.10. The analytical results from (2.12) and (2.15) are plotted in
dotted lines and compared to the simulation results. A very good agreement is seen
between the simulated and analytical results with relative errors of less than 2.75%
to one another.
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(a)

(b)

Figure 2.9: SAR distribution for three different skin models with thickness of 4mm
at 100 MHz and 1800 MHz; one layer of wet skin tissue, one layer of dry skin tissue
and two layers composed of 50µm of dry skin tissue and an additional layer of wet
skin tissue.
Figure 2.10a shows a continuity of the y component of the E field across the FSMuscle boundary which validates that the power entering the muscle is the same as
the power leaving the free space region. The discontinuity in Figure 2.10a at the
boundary is due to the difference in conductivity in the two regions as seen in (2.15).
The maximum values of SAR are higher for higher frequencies, which means that
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(a)

(b)

Figure 2.10: Propagation of EM waves into a muscle layer at different frequencies as a
function of the propagation distance z in mm (a) Electric field (b) Specific Absorption
Rate (SAR). Solid lines represent CST simulation results, and dotted lines represent
analytical results.
more power will be coupled to the muscle at high frequencies. An 8 dB difference is
found between the peak SAR values at 1800 MHz and 100 MHz, in Figure 2.10b. It
is also seen that the electric field and SAR attenuates faster at high frequencies.
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2.3.5

Free Space - Fat - Muscle Propagation

The propagation onto a medium composed of two tissue layers - a layer of fat and
a layer of muscle - is now considered. In this first example, the thickness of the fat
layer is first set at 10mm. The electric field and SAR are plotted, as a function of the
propagation distance z, (see Figure 2.11). Again, for the two-tissue layer propagation
case, the analytical results (dotted lines) and numerical results from CST (solid lines)
agree very well at all frequencies, with relative errors of less than 2.5% to one another.
The continuity in the power levels at each boundary is again verified when plotting
the y component of the electric field in Figure 2.10a.
By comparing the SAR values of Figure 2.10b without a fat layer is included in the
model and in Figure 2.11b when in presence of a fat tissue layer, a small increase in
the SAR values are observed in the muscle layer when in presence of the fat tissue
layer. In addition, the SAR values in the fat layer are much lower than inside the
muscle tissue, this is due to the low conductivity of the fat tissue.
In Figure 2.12, the SAR for different depth into the muscle layer are presented
for a fat tissue with thicknesses 10 mm (solid lines) and 20 mm (dotted lines). An
increase in SAR inside the muscle is found when the fat layer thickness is 20 mm, at
900 MHz and 1800 MHz. At these frequencies, the increase in SAR is due to the fact
that the fat layer thickness is in the order of λ/4.

2.3.6

Free Space - Skin - Fat - Muscle Propagation

The propagation onto a medium composed of three tissue layers - a layer of wet-skin,
a layer of fat and a layer of muscle - is now considered. In this first example, the
thickness of the skin and the fat layer are set to 1.5 mm and 10 mm respectively.
The electric field and SAR are plotted, as a function of the propagation distance z,
in Figure 2.13. For this three layer tissues case, the analytical results (dotted lines)
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(a)

(b)

Figure 2.11: Propagation of EM waves into fat and muscle layers at different frequencies as a function of the propagation distance z in mm (a) Electric field (b) Specific
Absorption Rate (SAR). Solid lines represent CST simulation results, and dotted lines
represent analytical results.
and numerical results from CST (solid lines) agree very well at all frequencies, with
relative errors of less than 3% to one another.
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Figure 2.12: Propagation of EM waves at depth z inside the muscle layers at different
frequencies. The layered model includes a free space region, a fat layer and the muscle
layer. Solid lines represent a 10mm thickness of fat layer, and dotted lines represent
a 20mm thickness of fat layer.
By comparing the SAR values in Figure 2.11b for the two-tissues model and in
Figure 2.13b when including skin layer in the model, the importance of the presence
of the skin layer is seen in analyzing the SAR values in deeper tissues. This is shown
in Figure 2.14 where the SAR values are plotted for different depth inside the muscle
tissue for three cases; without skin and for skin thicknesses of 1.5 mm and 4 mm. A
1dB decrease is seen in the peak SAR value when including the 1.5 mm thick skin
layer, and a 7dB decrease for the 4 mm thick skin layer.

2.3.7

Summary of Results

The solution for the electric field, magnetic field and Specific Absorption Rate (SAR)
in a planar multiple layered media have been derived for the plane wave case by
looking at the reflection and transmission occurring at each interface. A percentage
of error of less than 3 percent is found between the analytical and numerical results.
It is shown that as the number of layers increase, the analytical results are still valid
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(a)

(b)

Figure 2.13: Propagation of EM waves into skin, fat and muscle layers at different
frequencies as a function of the propagation distance z in mm (a) Electric field (b)
Specific Absorption Rate (SAR). Solid lines represent CST simulation results, and
dotted lines represent analytical results.
and are in very good agreement with the numerical solution.
Standing wave effects have been observed in lower permittivity tissues such as the
fat tissue layer. If the fat layer is on the order of λ/4, constructive interference will
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Figure 2.14: Propagation of EM waves at depth z inside the muscle layers at
1800 MHz, the model includes a layer of 10mm of fat, and is compared for inclusion or not of a skin layer.
lead to an increase in absorption in the muscle layer when no skin is present, and
an increase in SAR values in the skin layer when the layer of skin is included in the
model.
The plane wave solution is valid for the case when an antenna is placed at a
certain distance so that far field transmission is assumed. However, in near field
cases, the plane wave represents an ideal case that does not exist in practice since
the waves generated by finite sources such as antennas and scatterers are non planar.
In biomedical telemetry applications, multi-turn loop antennas are often used [33].
In the next section, the power coupled from a loop antenna onto layers of biological
tissue will be studied with the help of numerical tools.
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2.4
2.4.1

Coupling From a Single Loop Antenna
Setup of the Wireless Communication Link

To study the impact of biological tissue characteristics on the setup of a wireless
communication link, a single loop antenna is first evaluated when placed in close
proximity to the biological tissue layer and the interaction of the electromagnetic
field with the body is assessed in terms of specific absorption rate (SAR). Again,
the model used is composed of three different tissue layers: skin, fat and muscle.
The thickness of the skin and fat layers are varied while the thickness of the muscle
layer is fixed at mm. The tissue layers are simulated in order to fit the measured
experimental data from [1], similarly as it was done in the previous section. The
complex permittivity used for the dispersive tissues simulated are the one in Figure
2.7.
The loop shown in Figure 2.15, is placed in the x-y plane parallel to the tissue
surface in order to maximize coupling efficiency [33, 34]. The SAR distribution are
obtained from simulations performed with CST [3].

Figure 2.15: Loop orientation in respect to the biological tissue.

In the following example, a loop antenna with a radius of 15 mm is analyzed when
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placed at a distance of 10 mm from muscle tissue. The power level distributions in
terms of SAR levels are also obtained at different planes corresponding to different
depth inside the muscle at 400 MHz. They are shown in Figure 2.16 at 2.5mm, 5mm,
10mm, and 20mm inside the muscle. For increasing depths inside the muscle, the
power reduces as expected, finally dissipating depending on the skin depth of the
tissue.
SAR distribution levels along the x-axis for different depths inside the muscle is
seen stronger near the windings of the coil as seen in the cross section at different
muscle depths at 100 MHz and 400 MHz (Figure 2.17). For small depths inside the
muscle, the normalized SAR levels are equivalent for the two frequencies analyzed,
200 MHz and 400 MHz. It is observed that at larger depths, such as 10 mm and 20
mm inside the muscle tissue, the SAR levels decrease faster at 200MHz. This is due
to the dispersive nature of biological tissue, where the imaginary part of the complex
permittivity, representing the loss in the tissue, is larger at lower frequencies. The
skin depth is smaller at lower frequencies.
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(a)

(b)

(c)

(d)

Figure 2.16: SAR distribution at 400 MHz at different depths inside the muscle
(a) 2.5mm (b) 5mm (c) 10mm(d) 20mm inside muscle layer.

Figure 2.17: SAR distribution levels averaged over 1g of layered tissue volume at
(x,0,z) at different depths z inside the muscle, at 200 MHz (dotted lines) and at 400
MHz (solid lines).
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2.4.2

Impact of Multiple Tissue Layers

Furthermore, to improve modeling of SAR levels within the body, a better representation of the model would be to consider multiple tissue layers. Therefore, models with
different combinations of skin, fat and muscle tissue thickness have been analyzed as
shown in Figure 2.18.

Figure 2.18: Loop orientation in presence of multiple tissue layered model.

Impact of Skin Thickness
First, the impact of the skin thickness is investigated, a skin layer has been added to
the previous geometry, and the fat layer was set to 0 mm. The SAR distribution in
the cross section along the x axis is obtained at a depth inside the muscle equal to
5mm as shown in Figure 2.19. Again, the SAR is a maximum at the location of the
windings of the coil, and it is seen that the power levels inside the muscle decreases
as the skin thickness increases.
The maximum SAR values for different depth are presented for skin thicknesses
varying from 0 to 4mm (Figure 2.20). The maximum power delivered in the muscle
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Figure 2.19: SAR distribution averaged over 1g of layered tissue volume in the cross
section plane (x,0,z), for a depth z inside the muscle of 5mm.
decreases with increasing skin thickness. This clearly shows it is very important to
consider tissue layers to determine the maximum possible power that can be used in
the telemetry system.

Figure 2.20: Maximum values of SAR (W/kg) as a function of skin thickness for
different depth inside the muscle.
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Skin-Fat-Muscle Model
A layer of fat with varying thickness is now included in the model in between the
skin and muscle layer. Figure 2.21a shows the SAR depth distribution for a model
comprised of a 1mm skin layer, 5mm of fat layer and muscle layer, whereas Figure
2.21b shows the SAR depth distribution for a model comprised of a 1mm skin layer,
10mm of fat layer and muscle layer. The SAR level decreases as the fat thickness
layer is increased.

(a)

(b)

Figure 2.21: SAR distribution in the z plane at 400 MHz with the following models:
(a)1mm skin, 5mm fat, and muscle (b)1mm skin, 10mm fat, and muscle.
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2.4.3

Misalignment Analysis

Misalignment of the loop affects the system performance and therefore has to be
analyzed. To study misalignment effects where the loop antenna has been rotated
about the z axis, the power level at different depths inside the tissue is obtained
for various antenna orientations (Figure 2.22). The SAR distributions along the
x-axis are shown in Figure 2.23 for rotation angles from 0 to 10 degrees. For a
loop antenna parallel to the z-axis, two SAR peaks are present along the x-axis and
correspond to the maximum fields due to the loop winding. As the loop antenna
becomes misaligned and one side is rotated towards the tissue, symmetry is lost as
one of the SAR peaks begins to dominate and increases in value. Thus, for SAR
safety standards to be satisfied, the effect of misalignment must be accounted for in
determining the maximum possible power that is coupled into the body. The external
antenna present in the telemetry system needs to be correctly placed in parallel to
the body tissue, in order to not underestimate the peak SAR values.

Figure 2.22: Loop orientation and misalignement.
The study illustrates the importance of accounting for misalignment in determining maximum power levels, within the body due to the device, as the loss of symmetry
caused by the shift off-plane may lead to a localized increase in power.
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Figure 2.23: Misalignment results at 400MHz for different rotation angle at different
depth z inside the muscle.

2.5

Summary

Minimizing exposure to human tissue due to the propagation of electromagnetic waves
has been widely studied since the use of cell phones and any hand-held communication
devices. For any biomedical applications using a link between an external antenna and
an embedded device such as RF telemetry, a study of how much power is lost through
the tissues is needed in order to answer the safety concerns. In this chapter, the power
loss through the tissues has been estimated as a function of Specific Absorption
Rate (SAR) and was proved to be dependent on the properties of the dispersive
tissue layers as well as the number of tissues. The complexity of the multiple tissue
layers was shown to be important in determining SAR levels as the thickness and
dispersive properties of each layer affect the power transmitting through the tissue.
The knowledge of the electrical properties of biological tissue is also crucial in this
study in order to not underestimate the SAR peak levels, including whether or not the
tissues may be treated as homogeneous, and/or isotropic media. The propagation of
electromagnetic waves through body tissues was first analyzed for the case of a plane
wave where analytical model were compared to the simulation results. The coupling
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from a single loop antenna representing a typical biotelemetry system into the body
was also investigated. The effect of the skin and fat layer thickness were demonstrated
as well as the frequency dependence. The analysis provided in this chapter clearly
shows it is very important to consider tissue layers to determine the maximum possible
power that can be used in a telemetry system.
The parameter of interest when analyzing a particular application is the maximum SAR obtained, which is used in order to calculate the maximum power that
will satisfy safety standards. In summary, the SAR levels will be higher at higher
frequencies, however frequency of operation of an antenna is generally determined
by application. Additionally, misalignment of the loop will have an impact on SAR
levels, and in particular the maximum SAR, as one side of the loop becomes closer to
the tissue. It is therefore important to take the worst case scenario of misalignment
when analyzing SAR levels, which is when the loop is in contact with the skin. The
effect of the misalignment of the loop on the SAR levels highlights the importance of
running simulations of various scenarios, and in particular the worst-case scenarios in
which maximum SAR may occur. The maximum SAR can be concluded from these
simulations, and thus, the maximum possible power that can be used in a specific
system.
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Chapter 3
RF Telemetry Link Using an LC Sensor

The effects of layered biological tissues on the performance of a loop antenna has been
examined in the previous chapter, in particular with respect to the radiated power
levels and the Specific Absorption Rate (SAR) emitted from the loop antenna into
the tissues. The impact of multiple tissue layers on an RF telemetry link consisting
of a single loop antenna and an implantable LC resonant sensor is now investigated.
Firstly, the operation principle of the telemetry link is introduced. When the
sensor is placed in close proximity to the loop antenna, inductive coupling occurs and
it is possible to detect its resonant frequency from the input impedance measurements
of the external antenna. As a general case, the impact of multilayered biological
tissues on a telemetry system is then studied. The shift in resonant frequency due to
tissue layers is analyzed as the number of tissue layers increases. It is shown that the
type of capacitor used in the telemetry system plays a dominant role on the shift in
the resonant frequency due to the dispersive tissue layers [1].
Following this analysis, a telemetry link using an implantable planar LC sensor
that consists of a micro-inductor and capacitor is developed for two applications,
namely intraocular pressure measurement and tissue characterization. The capacitor
configuration is specific to each application. The resonant frequency of the sensor
is obtained from the measurement of the input impedance of the external loop an-
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tenna, and correlated to the parameters of interest. A sensor configuration specific
to each application is used where the resonant frequency is related to the desired
quantities. From the shift in the resonant frequency, either the intra-ocular pressure
or the complex permittivity of tissue layer can extracted.

3.1

Operation Principle

The RF telemetry system studied here consists of an LC resonant sensor implanted in
multiple layers of tissue, and an external transmitter-receiver loop antenna, as shown
in Figure 3.1a. It consists of an external primary coil and an implanted secondary coil
separated by biological tissues. The interaction of the external antenna and the sensor
is explained via the equivalent circuit model (Figure 3.1b). La and Ra are the external
antenna’s inductance and resistance. Ls , Cs and Rs are the sensor’s inductance,
capacitance and resistance respectively. A voltage is applied to the external coil
which induces a current and generates a magnetic flux density. Since the LC sensor
is placed near the external coil, an inductive coupling appears between the coils as
shown in Figure 3.1a. It should be pointed out that human tissue is not homogeneous.
However, the overall size of the sensor is very small. This allows us to assume that
the region surrounding the sensor is homogeneous.
The input impedance Zin of the external antenna is monitored to detect the change
in the sensor resonant frequency. It is given as [2],

Zin = Ra + iωLa +

ω2M 2
,
Zs

(3.1)

where M is the mutual inductance, and is dependent on the external antenna, as well
as the inductor designs and their separation. M will also be affected by the properties
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(a) Telemetry System.

(b) Equivalent Circuit.

Figure 3.1: Operation principle and equivalent circuit of the telemetry system.
of the tissue layer. The input impedance of the sensor Zs is as follows,

Zs = Rs +

j
(ω 2 Ls Cs − 1).
ωCs

(3.2)

The resonant frequencies ω0 and a quality factor Q in free space can be defined as

ω0 = √

1
Q=
Rs

1
,
Ls Cs

r
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LS
.
Cs

(3.3a)

(3.3b)

3.2
3.2.1

Impact of Tissue on the Telemetry Link
RF Telemetry in Free Space

First, the RF telemetry system is setup in free space in order to illustrate the theory of
operation. Simulations have been performed using Computer Simulation Tool (CST)
Microwave Studio [3]. As an example, an external loop antenna is placed in close
proximity to an LC sensor as shown in Figure 3.2. In the simulations, the external
antenna is excited by using a discrete port, to produce a voltage across a gap. The
LC sensor is constituted of a planar square inductor in series with a lumped element
capacitor. The use of the lumped element capacitor was chosen in order to reduce
the computational time. When the sensor is placed in close proximity to the loop
antenna, inductive coupling occurs and it is possible to detect its resonant frequency
from the input impedance of the external antenna.

Figure 3.2: Simulation setup of an LC sensor placed in close proximity to an external
antenna, using CST Microwave Studio [3].
The planar inductor is an aluminum inductor residing on top of a silicon dioxide
insulator layer (permittivity r = 3.9, and thickness t = 2 µm) and a silicon wafer
(permittivity r = 11.7). The inductor has outer dimensions of 1.5 mm x 1.5 mm,
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and width and spacing of 22 µm and 13 µm respectively. The resulting inductance
and quality factor of the simulated inductor are equal to 80 nH and 10, respectively.
In Figure 3.3, the input impedance of the external antenna is evaluated when it is
isolated, and when it is placed at a distance of 10 mm from the LC sensor. For a
capacitance of 5 pf the resonance is clearly observed at 262.4 MHz (Figure 3.3).

Figure 3.3: Input impedance of the loop antenna isolated (dashed line), and in the
presence of an LC sensor in free space (blue solid line - with capacitance Cs = 5 pF).

Figure 3.4 shows the input impedance of the antenna in the presence of an LC
sensor, for different values of the capacitance Cs . As expected, the resonant frequency
of the sensor varies as the capacitance is changed. With increasing capacitance, the
sensor resonant frequency decreases (see (3.3a)).

3.2.2

Impact of Dispersive Tissues

The impact of layered biological tissues on the embedded sensor is now studied. The
LC sensor is embedded within the dispersive tissues, as shown in Figure 3.5.
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Figure 3.4: Input impedance of the loop antenna isolated (dashed line), and in the
presence of an LC sensor with various capacitance values, in free space.

Figure 3.5: RF telemetry link for a sensor embedded in multiple tissue layers.
The LC sensor is first placed within simulated muscle tissue, represented by its
dispersive characteristics with a similar procedure as in Chapter 2 where the complex
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permittivity profile modeled corresponds to the 2nd order Debye model in (2.5). For
muscle tissue, the dispersive relative dielectric permittivity, r ,ranges between 62.18
to 58.2, and the conductivity ranges between 0.72 S/m and 0.77 S/m for a frequency
range of between 150 MHz and 300 MHz. The resonant frequency of the sensor
encapsulated inside the tissue is compared to that in free space. Figure 3.6 shows
a comparison between the input impedance response of the sensor in free space in
the dispersive muscle tissue. In particular, it is beneficial to note the effect of the
dispersive media on the resonant frequencies of the sensor. As an example, for a 5 pf
capacitor the resonance is at 262.4 MHz in free space, and shifts to 247.9 MHz when
the sensor is placed within the tissue. This clearly shows that for a sensor with a
fixed capacitance value, there is a shift in the resonant frequency due to the presence
of the biological tissue.

Figure 3.6: Input impedance of the loop antenna isolated (dashed line), and in the
presence of an LC sensor with various capacitance values. The results in free space
(solid lines) are compared to the results when the sensor is placed inside a dispersive
biological tissue (dotted lines); muscle. Muscle tissue has a relative permittivity, r
,ranging between 62.18 to 58.2, and conductivity σ ranging between 0.72 S/m and
0.77 S/m for the measured frequency range of 150 MHz to 300 MHz.
Comparing the resonant frequency of the circuit in tissue to that in free space
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(Figure 3.6) for the various capacitors values, it is noted that a larger shift in resonant
frequency occurs for smaller capacitors. Next, the impact of multiple tissue layers is
investigated and reported in Figure 3.7 with the first layer being the muscle layer as
in the previous case. It is interesting to note that the introduction of a second tissue
layer, with the electrical properties of skin (r = 61.5 to 49.8 and σ = 0.54 S/m to
0.64 S/m between 150 MHz and 300 MHz) has little effect on the resonant frequency.
This implies that the characteristics of the tissue surrounding the LC sensor would
have the primary impact on the sensor design. This will be investigated further in
chapter 4, with studies on the saturation thickness of the device.

Figure 3.7: Input impedance of the loop antenna in the presence of an LC sensor
encapsulated in either: free space, a single tissue layer, or multiple tissue layers. The
sensor has capacitance Cs = 5 pF.
In summary, it was shown that the resonant frequency of an LC sensor is impacted by the properties of the dispersive tissues that encapsulates it. However, it
was demonstrated that the resonant frequency is greatly affected by the first layer encapsulating it, with additional layers having a negligible effect. This can be useful for
implantable sensors since only the tissue properties in which it is embedded needs to
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be considered (providing that the first layer is thicker than the saturation thickness).
The type of capacitor should also impact the shift in the resonant frequency due to
the tissue layers. In the next sections, two different applications for an LC sensor will
be presented: an intra-ocular pressure monitor and a tissue characterization sensor.
Each of the sensors will have a different capacitor configuration. The intra-ocular
pressure monitor will use a parallel-plate capacitor, while the tissue characterization sensor will use an interdigital capacitor. The electrical properties of the tissues
will have a greater impact on the interdigital capacitor configuration. This can be
explained by examining the electric field distributions for these two type of capacitor.

Field distribution of capacitor and impact of dielectric layer
The electric field distribution near capacitor plates is well known, and is shown in
Figure 3.8a. It can be found using conformal mapping techniques [13]. When the
plate separation is much less than a wavelength, the electric field is essentially uniform
between the plates, with some fringing fields present at the ends. If a dielectric layer
is placed on top of the top plate of the capacitor, as illustrated in Figure 3.8b, the
fringing field passes through the dielectric layer. This effect increase the effective
permittivity, therefore increasing the capacitance. However, the effect of this dielectric
layer, and the fringing fields on the overall performance of the capacitor is not as
significant as when using an interdigital capacitor.
This dielectric layer is affected by the fringing fields of the interdigital capacitors,
as seen in Figure 3.8c and Figure 3.8d. In these figures, the electric field distribution
between two neighboring electrodes has been illustrated, with and without a dielectric
layer on top. Since IDCs are fringing field capacitors, they have been shown to be
greatly affected by the properties of the dielectric layers on top of it [2], unlike the
parallel-plate capacitors. IDCs are used for applications where the tissue properties
need to be characterized, while parallel plate capacitors can be used when the impact
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(a) Parallel plate Capacitor

(b) Parallel plate Capacitor with dielectric on
top

(c) Interdigital capacitor

(d) Interdigital capacitor with dielectric on
top

Figure 3.8: Illustration of the electric field distribution for a parallel plate capacitor
and an interdigital capacitor.
of the dispersive biological tissues needs to be minimized.

3.3

Sensor Design for Two Applications

The two sensor configurations that are used are shown in Figure 3.9 and Figure 3.10.
They are suited, and designed, for application to two different problems, and make use
of two different types of capacitors. The capacitance change in each case is induced by
a different methodology, suitable to the problem at-hand. The intra-ocular pressure
sensor uses a parallel-plate capacitor (Figure 3.9), whereas the tissue characterization
sensor uses an interdigital capacitor (Figure 3.10).
Figure 3.9 shows a microelectromechanical systems (MEMS) device with dimensions that can be accommodated in the space within an eye [9], for application as
an intra-ocular pressure monitor. The top plate is the metal layer, while the bottom
is the diffusion layer. Pressure variations in the eye induce the deflection of a thin
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diaphragm, and hence a result in changes in capacitance and resonant frequency. The
input impedance of an external antenna yields the sensor resonant frequency, which
is then related to the pressure changes.
The tissue characterization sensor is a planar LC sensor with an interdigital capacitor (Figure 3.10), that is covered by a bio-compatible protective layer such as
parylene. Interdigital capacitors are chosen thanks to their sensitivity to the permittivities of dielectric layers placed on top of it. The sensor is embedded within a
biological tissue layer (sensing layer). This sensing layer causes a change in capacitance, depending on its electrical properties. From the shift in the sensor resonant
frequency, or from the measured impedance response, the tissue characteristics can
be determined.
For both applications, a rectangular planar inductor is used. The inductor has
an outer dimension dout , line width w, and spacing s. The inductance Ls of the
rectangular planar inductor, as seen in Figure 3.9 and Figure 3.10, can be calculated
using available expressions for a rectangular coil [7], as discussed in the next section.

Figure 3.9: MEMS LC sensor with parallel plate capacitor (a) top view (b) cross
section.
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Figure 3.10: Planar LC sensor with interdigital capacitor (a) top view (b) cross
section.
3.3.1

Inductor Design

To obtained an accurate reading of the resonant frequency of the sensor with a sharp
resonant peak, the losses of the sensor must be minimized. Thus the quality factor Q
must be maximized. For this purpose, following (3.3b), the series resistance Rs must
be small, while the inductance Ls should be large. However, as Ls increases and the
number of turns of the inductor increases, the parasitic capacitance also increases,
which leads to a decrease in the resonant frequency of the coil. Tradeoffs in the design
have to be made. In the next section, the design of the sensor is discussed in detail
with the calculation of the sensor circuit element values Rs , Ls and Cs .
The inductance Ls of a rectangular planar inductor can be calculated using available expressions for a rectangular coil. The current sheet approach [7] yields a simple
accurate expression for self and mutual inductance. Current sheet refers to a conductive sheet with finite width and infinitesimal thickness, where the sides of the spiral
inductor are approximated to four rectangular current sheets, and the concept of Geometric Mean Distance (GMD), Arithmetic Mean Distance (AMD), and Arithmetic
Mean Square Distance (AMSD) are used. The resulting expression is given as follows
µ n2 davg c1
Ls =
2

[ln
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c2
+ c3 C + c4 C 2 ],
C

(3.4)

where c1 = 1.27, c2 = 2.07, c3 = 0.18, c4 = 0.13, µ is the permeability in free space
and n is the number of turns. davg and C are defined as functions of the inductor’s
outer and inner dimensions, dout and din respectively [7], such that,
dout + din
2

(3.5a)

dout − din
.
dout + din

(3.5b)

davg =

C=

Equation (3.4) is an approximation for the value of the inductance and will be
used as a design tool in order to calculated the initial values for the sensor geometry dimensions, before simulations are used to optimize the results. The analytical
expressions derived by this method will be utilized and compared to the numerical simulation results of SONNET. Numerical simulations will provide more precise
inductance values and thus, will be used in order to increase the accuracy of the techniques presented later in this chapter. Figure 3.11 shows an example of a simulation
setup for an inductor, as performed using SONNET.

Figure 3.11: Simulation of a planar inductor in SONNET
In addition to the inductance, the capacitances of the sensor must be determined.
The following section presents in detail the calculation of the sensor capacitance, Cs .
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3.3.2

Capacitor Design

Parallel Plate Capacitor
The capacitor consists of two parallel plates, the top plate is the metal layer, and the
bottom one will be placed inside the diaphragm as seen in Figure 3.9. The capacitance
Cs of a parallel plate capacitor, as shown in Figure 3.12, is proportional to the surface
area of the conducting plate, and inversely proportional to the distance between the
plates.
Cs = 0

2
wcap
,
tp

(3.6)

where tp is the distance between the plates when no pressure is applied and wcap is
the length of the square side of the capacitor plate.

Figure 3.12: Parallel plate capacitor.
Pressure changes induce a displacement of the top plate, as illustrated in Figure
3.13, and causes a change in the resonant frequency of the sensor. The deflection td
at the center of the square diaphragm is given as function of the applied pressure
P [10]:
td = 0.00126

4
P wcap
12 (1 − ν 2 ) = AP P,
E t3m

(3.7)

where E and ν are the Young’s Modulus and Poisson’s Ratio (E = 0.68 1011 N/m2
and ν = 0.32 for aluminum) of the top plate’s material, wcap is the width of the
capacitor, and tm the thickness of the metal layer. AP is the proportional constant.
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The capacitor gap between two plates should be large enough that they do not touch
each other with applied pressure when the diaphragm deflects.

(a)

(b)

Figure 3.13: Top Plate of Capacitor: (a) without Pressure; (b) with uniform pressure
P applied resulting in a deflection.
Rewriting (3.6) and (3.7), the capacitance Cs is obtained from the sensor resonant
frequency ω0 given in (3.3a), and is correlated to the applied pressure using,
2
0 wcap
1
P = (tp −
)
Cs A P

(3.8)

This sensor may be used to continuously monitor intra-ocular pressure for patients with Glaucoma, whom have elevated intrao-cular pressure. Normal human
intra-ocular pressure (IOP) is between 10 and 21 mm of Hg [12]. It is has been
argued that by detecting the presence of ocular tissue damage related to intraocular pressure, diagnosis of glaucoma could be made [11]. A method to continuously
monitor intraocular pressure is therefore necessary.

Interdigital Capacitor
In the case of tissue characterization, an interdigital capacitor is used, where the shift
in the resonant frequency is achieved by the dielectric properties of the tissue in which
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the sensor is embedded. The dielectric permittivity and conductivity are extracted
from the resonant frequency, or from the measured input impedance response. The
calculation of the interdigital capacitance is more complex than that of the parallelplate capacitor, and will be studied in detail in Chapter 4.

3.4

Summary

An LC sensor for use in RF telemetry systems has been demonstrated. It was shown
that although the resonant frequency is strongly affected by the properties of the first
layer, if that layer is thicker than the saturation thickness, additional layers prove
to have little to no effect on the sensor. This is important for implantable sensor
applications. Furthermore, the capacitance values play a dominant role on the shift
in the resonant frequency due to dispersive tissue layers.
A telemetry link between an implanted LC sensor and an external antenna has
been introduced for two applications: an intra-ocular pressure monitor and tissue
characterization sensor. A sensor configuration specific to each application has been
developed, where the resonant frequency is related to the desired quantities. For
intra-ocular pressure monitoring, a MEMS sensor with a parallel-plate capacitor is
used, wherein a shift in the resonant frequency is achieved by a deflection of one of
the plates. The pressure has been related to the resonant frequency of the sensor.
For the case of tissue characterization, an interdigital capacitor is used. A shift in
the resonant frequency of the sensor is caused by the dielectric properties of the
tissue in which the sensor is embedded. For the purpose of tissue characterization,
it would be beneficial to relate the shift in the resonant frequency, as well as the
impedance response of the LC sensor, to the material properties of the tissue that
encloses the sensor. This chapter has illustrated the versatility of the resonant LC
sensor as applied to bio-implantable RF telemetry systems. In the next chapter, we
focus on fully characterizing the LC sensor, for application to tissue characterization,
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both at the resonant frequencies of the sensor, and over a broad frequency range.
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Chapter 4
Tissue Characterization

In this chapter, a technique is presented for the dielectric characterization of tissue
properties, using a telemetry link with a passive LC sensor. There has been a distinct lack, in the literature, of wireless characterization techniques for highly lossy
materials. Previous techniques have been applied to the characterization of relatively low-loss dielectrics, including polymers, and liquids such as water [1, 2, 3]. The
characterization of tissues differ in this sense, as they exhibit much higher conductivities. The goal of this chapter is to present a technique that is applicable to the
broadband characterization of high-conductivity tissues. The electrical properties of
tissues vastly differ between organs, and for the same organ, between the diseased
and healthy state. This allows for tissue characterization and differentiation by the
extraction of the permittivity and conductivity.
In addition, numerical, as well as analytical investigations will be presented of
the behavior of the LC sensor. As described in the previous chapter, the LC sensor
consists of a spiral inductor in conjunction with an interdigital capacitor (IDC), and
includes a sensing layer on top of the IDC, for the purpose of increasing fringing
capacitances. Previous investigations have used analytical models of these devices in
an attempt to calculate their lumped element properties. These analytical models will
be investigated in this chapter, and to verify the accuracy of these models, numerical
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simulations will be used using SONNET [4], an electromagnetic methods of moments
simulator, capable of performing shielded FFT-based planar analyses. A procedure
will be demonstrated for de-embedding the separate inductor and capacitor elements
from the circuit. These will be compared to individual simulations of the loop inductor
and the capacitor, which in turn will be compared to analytical calculations. The goal
of these investigations is to verify the circuit models used for extracting the material
properties of a large range of dispersive permittivities and conductivities, over a broad
frequency band, and to modify this circuit model as necessary.
The extraction procedure allows the retrieval of the dielectric properties from
the measured (or simulated) impedance data, over a given frequency range. The
impedance of the sensor is obtained from the measurement of the input impedance
of an external, transmitting/receiving loop antenna. Once the impedance has been
found, the lumped elements of an equivalent circuit model may then be determined,
which allow the evaluation of the material parameters of an unknown dispersive material. The initial analysis is performed, with the help of numerical simulations, using
only the impedance characteristics of an LC sensor. This allows us to neglect the
effects of mutual coupling with the external antenna, as well as propagation through
multiple tissues, while the equivalent circuit model is fine-tuned. In addition, the
effects of the tissue layer thicknesses on the response of the sensor, and its resonant
frequency, will be studied. The effects of the sensor depth on the capacitor saturation
will be examined in order to develop a criteria for which only the properties of the 1st
encapsulating layer impact the sensor and its resonant frequency. The procedure for
material parameter extraction will then be extended to the telemetry case, in which
an external antenna is used to couple to the sensor. In this case, the input impedance
of the antenna will be measured, and so the mutual coupling between the antenna
and the sensor must be determined in order to retrieve the impedance of the sensor,
and thus the material parameters of the tissue sample.
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In this chapter, we will begin with a presentation of the sensor design, with particular attention given to the geometry of the interdigital capacitor, and to the influence
of the tissue layers. Along with these investigations, a study of the capacitor saturation criteria will be realized. Finally, methods to extract the permittivity and
conductivity of a high-loss dispersive tissue will be presented.

4.1

Sensor Geometry

The LC sensor geometry consists of a planar inductor and interdigital capacitor, as
shown in Figure 4.1. The sensor resides on top of a substrate, and is covered by a
protective layer. In typical bio-sensor applications, this layer is made up of a biocompatible material such as parylene. The sensor is embedded in multiple tissue
layers. The first tissue layer encapsulating it, referred to henceforth as the sensing
layer, has a relative permittivity r 2, conductivity, σ2 . The sensitivity of the sensor
will be dependent on its physical geometry, as well as its material properties. The
substrate has a relative permittivity, and thickness, of r1 , and d1 , respectively. The
metal thickness is tm . Both the inductor and capacitor are formed of metal lines, each
with width w, and with spacing s. The length of the interdigitated fingers is equal to
l. NL is equal to the number of turns forming the inductor, and NIDC is the number
of interdigital capacitor finger pairs.
It should be pointed out that human tissue is not homogeneous. However, the interdigital capacitor width w and spacing s and the overall size of the sensor are very
small. The sensor can therefore be designed to reduce the thickness of the saturation
region to minimize the fringing field around it. This allows us to assume that the region surrounding the sensor is homogeneous. Following analysis will demonstrate that
the sensor can be implanted at a certain depth where it will be affected only by the
sensing layer. Additional surrounding layers, which may or may not be homogeneous,
will not affect its performance.
87

(a) Top view.

(b) Cross-sectional view.

Figure 4.1: Geometry of the LC sensor.
The following section present in detail the calculation of the interdigital capacitance, Cs .

4.2

Interdigital Capacitor

The interdigital capacitor (IDC) was first introduced, for use in microwave applications, by G. D. Alley in 1970 [5]. Subsequently, they have been widely used and
studied for many applications, including filters [6] and leaky wave antennas [7], while
a multitude of techniques have arisen for the calculation of the capacitance of IDCs.
The conformal mapping technique is one of the most frequently used approaches to
calculate the electrode capacitance of an IDC. The analytical expressions derived by
this method will be utilized and compared to the numerical simulation results of
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SONNET.

4.2.1

Analytical Expressions for the IDC Capacitance

Figure 4.2 shows the traditional representation of an interdigital capacitor, and the
geometry used in this study. The IDC is a symmetrical structure with a total capacitance equal to the sum of three capacitances; the capacitance Cp of the (NIDC -3)
periodical sections, the capacitance C3 of the three fingered interdigital capacitor,
as noted in Figure 4.2, and the capacitance Cend of the end of the strips, which
corresponds to a correction term for the fringing fields [8].

Figure 4.2: Interdigital capacitor layout.
Conformal mapping techniques are used to calculate the IDC capacitance, Cs ,
as a function of the line width w, line spacing s, length of the fingers l, number of
finger pairs NIDC , as well as the properties of the dielectric layers surrounding it. The
technique is based on Schwartz-Christoffel plane transformations, and is illustrated in
Figure 4.3, for the case where the capacitance between any two adjacent finger pairs
is calculated, through a single layer of dielectric of relative permittivity r . A total
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of two plane transformations are done in order to obtain the well known parallelplate capacitor configuration, which provides for a relatively simple expression of the
capacitance.

Figure 4.3: Illustration of conformal mapping technique to calculate the capacitance
[8]. The plane of the finitely-periodic structure (a) is transformed into the parallel
plate capacitor (b).
From Figure 4.3, the capacitance of the finitely-periodic section, on a single-layered
substrate of relative permittivity r1 , is obtained from the parallel plate configuration
and is given as [8]
Cp1 = 0 r1

1 K(k0 )
(NIDC − 3) l,
2 K(k00 )

(4.1)

where K represents the elliptical integral of the first kind defined as
1

Z
K(k) =
0

dt
p
2
(1 − t )(1 − k 2 t2 )

(4.2)

0 is the permittivity of free space. k0 can be calculated as a function of the substrate thickness d1 . However, if the substrate thickness is infinite, or if the capacitor
has reached saturation, k0 can simply be written in terms of the spacing and the
width of the interdigitated fingers, s and w as,
w
w+s

(4.3a)

q
1 − k02 .

(4.3b)

k0 =

k00 =

The formulation of the (N-3) periodic sections, (4.1), is used to calculate the
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capacitance Cp1 of a configuration composed of two dielectric layers, as shown in
Figure 4.4.

Figure 4.4: Capacitance of a periodic structure composed of two dielectric layers.
The capacitance of the periodic section is now the sum of the capacitance Cp1 , in
the first dielectric layer of relative permittivity r1 , and the capacitance Cp2 , in the
second dielectric layer of relative permittivity r2 . It is thus equal to:

Cp = Cp1 + Cp2 = 0 (r1 + r2 )

1 K(k0 )
(NIDC − 3) l.
2 K(k00 )

(4.4)

The 3 digit capacitance C3 , of the two-dielectric-layer structure is defined as [8],

C3 = 0 (r1 + r2 )4

K(k03 )
,
0
K(k03
)

(4.5)

where,
k03

w
=
w + 4s
0
k03

=

s

q

w+2s 2
)
1 − ( 3w+2s
w
1 − ( 3w+2s )2

2
1 − k03
.

(4.6a)

(4.6b)

An end capacitance is required to account for the fringing fields at the edges of
the outer fingers. The end capacitance Cend is given as [8],

Cend = 0 (r1 + r2 ) 2 NIDC w (2 + π)
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K(k0end )
,
0
K(k0end
)

(4.7)

where,
w
w + gend
q
2
.
= 1 − k0end

k0end =
0
k0end

(4.8a)
(4.8b)

The total capacitance can therefore be calculated as the sum of the partial capacitance Cp , C3 and Cend . This total capacitance will be [8],

Cs = Cp + C3 + Cend = 0 (r1 + r2 ) k,

(4.9)

where k is a constant dependent on the sensor geometry, from (4.4), (4.5) and (4.7).
It can be written as the sum of the contributions of the three capacitances Cp , C3 ,
and Cend :

k=

1 K(k0 )
K(k03 )
K(k0end )
(NIDC − 3) l + 4
+ 2 NIDC w (2 + π)
.
0
0
0
2 K(k0 )
K(k03 )
K(k0end
)

(4.10)

In this derivation, the value of k is independent of the permittivities of the layer
surrounding the sensor. Additionally, the sensitivity of the sensor will be determined
by k, as the total capacitance is a linear function of it.
When the sensing layer is conductive, a resistance is present in parallel to the
capacitance, as shown in Figure 4.5. The resistance R2 is due to the conduction in
the presence of a lossy material.

Figure 4.5: Periodical capacitances representation of a two dielectric layer configuration
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Rs2 can be written as a function of the conductivity of the sensing layer σ2 and
k, defined in (4.10):
Rs2 =
4.2.2

1
.
k σ2

(4.11)

IDC Characterization at Higher Frequencies

[S] and [Y] matrix representation of an IDC
The formulation of capacitance from [8], given in equation 4.9, has been derived for
the DC case, and is valid for quasi-static frequencies. At higher frequencies, conductor losses and parasitics will affect the capacitance, and it is necessary to include
the frequency-dependent characteristics of the capacitor in order to characterize it.
Simulations are often necessary for the purpose of accounting for the effects of dispersion on the circuit elements. The interdigital capacitor shown in Figure 4.2 may
be represented as a two port network. In order to give a complete description of
an N-port network, the scattering and admittance matrices are used. An arbitrary
2-port microwave network is considered and shown in Figure 4.6

(a) [S] parameter representation.

(b) [Y] parameter representation.

Figure 4.6: Representations of a two-port microwave network.
In Figure 4.6, Vn+ is the amplitude of the voltage wave incident on port n, and
Vn− is the amplitude of the voltage wave reflecting from port n. The scattering, or
[S] matrix, relates the incident to the reflected voltage wave. It provides a complete
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description of the network, and is defined, for a 2-port network, as follows:
  
 
−
+
V1  S11 S12  V1 
=
  
 .
−
V2
S21 S22
V2+

(4.12)

Sij is the transmission coefficient from port j to port i. Sii is the reflection coefficient
at port i when the other port has been terminated by a matched load.
The admittance matrix [Y] relates the currents and voltages of the network to one
another. It is defined as

  
 
I1  Y11 Y12  V1 
 =
 .
I2
Y21 Y22
V2

(4.13)

It is also useful to note that the [S] matrix can be determined from the [Y] matrix,
and vice versa. Equations relating the two can be found in [9].
From the admittance matrix definition in 4.13, the 2-port network can be described in terms of the admittance parameters. Since the network analyzed is reciprocal (Y12 = Y21 ), these equations lead to the π equivalent circuit as shown in
Figure 4.7. [−Y12 ] contains the value of the transadmittance between the two ports,
representing the two sets of interdigitated electrodes. From the measured value of
[−Y12 ], the capacitance and conductance will be extracted. Due to the symmetry of
the structure studied, the values of [Y11 + Y12 ] and [Y22 + Y21 ] will be equal to one
another. Additionally, it is useful to note that they will primarily be dependent on
the substrate properties. The value of [−Y12 ], on the other hand, will have a strong
dependence on the properties of the sensing material.

Equivalent Circuit Representation of the IDC – σ = 0
From the simulation of the IDC, it is possible to find its equivalent circuit, where
Cs is the DC capacitance calculated using 4.9. The equivalent circuit is shown in
Figure 4.8, for the case where the metal losses of the interdigital fingers are negligible,
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Figure 4.7: π equivalent circuit for a 2-port Network [9].
and where there are no dielectric losses (i.e., the dielectric layers are non-conducting,
with σ = 0). Nevertheless, the following analysis will prove important, as it will
provide insights into the behavior of the IDC at high frequencies, its self-resonant
frequency and the values of Cs and LIDC .

Figure 4.8: Equivalent circuit of the interdigital capacitor. In this model, metal losses
and dielectric conductivity are assumed to be negligible.
The resonant frequency, fIDC , of this circuit is the frequency at which there is a
pole in Im(−Y12 ). The nontrivial solution is found as

Im(

1
1
1
) = jωIDC LIDC +
= 0 =⇒ ωIDC = √
,
−Y12
jωIDC Cs
LIDC Cs

(4.14)

where the resonant angular frequency is ωIDC = 2πfIDC . Furthermore, it is easy to
show that the transadmittance of the circuit is given as

− Y12 =

jωCs
.
(1 − ω 2 LIDC Cs )

95

(4.15)

Dividing by ω and then taking the limit as ω → 0,
−Y12
= jCs ,
ω→0 ω
lim

(4.16)

and so it is evident that the series capacitance, Cs , is given by the DC component
of -Im(Y12 )/ω, or Cs = limω→0 [−Im(Y12 )/ω]. This extracted value of Cs should be
comparable to that give by (4.9). Assuming one knows ωIDC and Cs , then LIDC is
given by
LIDC =

1
.
2
Cs ωIDC

(4.17)

Equivalent Circuit Parameter Extaction for a Lossless IDC
The extraction of the circuit parameters for a lossless IDC proceeds as follows:
1. Obtain the transadmittance Y12 of the IDC.
2. Determine Cs . This is the DC component of -Im(Y12 )/ω.
3. Determine fIDC from Im(Y12 ). This is the resonant frequency of the IDC.
4. Calculate LIDC using (4.17).
This procedure is beneficial in practise for the case where the sensing layer is free
space. In this case, the sensing layer permittivity will be known, and so the IDC
parameter k can be determined from the extraction of Cs in step 2, in conjunction
with (4.9). LIDC will also be found for the IDC, and should not change as different
sensing layers are placed above the IDC, as long as they are non-magnetic.
This procedure will now, however, be used to verify the equivalent circuit model
used, and to compare extracted values of k and Cs to the analytically calculated values. Following this procedure, the transadmittances of three different IDCs have been
simulated. The geometries of the three capacitors studied are shown in Figure 4.9.
The substrate has a permittivity, r1 , of 2.33, and a thickness of 0.787 mm. Recalling
96

the previous discussion, the transadmittance, [−Y12 ] will allow the retrieval of the
capacitance, inductance, and conductance of the device.

Figure 4.9: Geometry of the IDCs for which the capacitance was simulated and
calculated. All values are in mm. The results are presented in Table 4.1
In order to demonstrate the technique, the simulation results for Im(−Y12 )/ω of
IDC3 are shown in Figure 4.10, as a function of frequency, and for a number of different
sensing layer permittivities. The interdigital capacitor is designed with fingers of
length 2.5 mm, as well as width and spacing both equal to 62.5 µm. There are a total
of 10 fingers on each of the two electrodes. These numerical simulations are used to
extract Cs using (4.16), and to compare these extracted values to the values calculated
analytically, using (4.9). The low frequency transadmittances for IDC3 are plotted in
Figure 4.10a. It is evident that (Im(−Y12 )/ω) is relatively constant. These constant
values correspond to the capacitance of the IDC, Cs . As expected, if the sensing layer
has a higher permittivity, the capacitance will increase. Following the same procedure
Cs is retrieved for each of the three IDCs, with sensing layer permittivities of 0 (free
space), 40, and 80. The results are summarized in Table 4.1. Less than 6% error is
witnessed between the simulated, and the analytically calculated capacitance values.
Additionally, in all three cases, the analytical models underestimate the capacitance,
as compared to the SONNET results. The simulated value of k, as defined in (4.9),
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(a)

(b)

Figure 4.10: (Im(−Y12 )/ω) as a function of frequency from (a) 0 to 50 MHz and (b)
400 to 700 Mhz. This example is for the interdigital capacitor with l= 2.5 mm, w
= s = 62.5 µm, rs = 2.33 and h = 0.787 mm, the sensing layer permittivity r2 is
varied. The simulation results are represented by solid lines, and they agree well with
the values extracted from the equivalent circuit, as represented by dashed lines, with
LIDC = 2.96 nH.
is equal to 0.0247 for the 2.5 mm finger-length capacitor, while the value calculated
using (4.10) is equal to 0.0236. This little discrepancy could lead to inaccuracy in
the extraction of the permittivity of the sensing layer, and so it is preferable to
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simulate the IDC, in order to obtain a more accurate value for k. Nevertheless, it is
still beneficial to use (4.10) to give an estimation for k, as this value, although not
entirely accurate, will be used in determining the sensitivity of the sensor.
Table 4.1: Comparison of simulated and calculated capacitance values, Cs , for a
number of different IDCs. IDC1, IDC2 and IDC3 have, respectively, finger lengths of
2.5 mm, 5 mm and 10 mm. The sensing layer is free space, r2 = 40 and r2 = 80
IDC1
IDC2
IDC3
SONNET (4.9) % error SONNET (4.9) % error
SONNET (4.9) % error
2.9pF 2.8pF 1.8%
1.48pF 1.39pF 1.8% 0.72pF 0.7pF 3.5%
37.4pF 35.37pF 5.4% 19.2pF 18.17pF 5.4% 9.24pF 9.08pF 5.75%
73.6pF 70.82pF 3.78% 37.4pF 36.375pF 2.66% 18pF 17.82pF 4.23%
The simulation results of IDC3 are then used to determine LIDC for that particular
IDC. The higher frequency values of the transadmittance are plotted in Figure 4.10b,
and in this case (Im(−Y12 )/ω) will increase until it reaches resonance. This resonance
is due to the presence of the parasitic inductance LIDC , as seen in the equivalent
circuit shown in Figure 4.8. The value of LIDC for this particular example has been
extracted using (4.17), and is equal to 2.96 nH. It is interesting to note that the
permittivity of the sensing layer does not have any impact on LIDC . This is expected
as the material is non-magnetic and so the magnetic fields are not affected.
In order to confirm the equivalent circuit model, it is necessary to use the extracted
capacitance and inductance values to attempt to recreate the transadmittance, and
to compare it to the simulated result. The extracted values of the equivalent circuit
that have been calculated for IDC3 are used to calculate (Im(−Y12 )/ω), using (4.15).
In Figure 4.10, these calculated values are compared to the simulated values, and
show excellent agreement. This confirms that the form of the equivalent circuit that
is used is correct, and the extracted values may successfully be used to predict the
behavior of the device.
In using a particular sensor, a calibration may be performed in order to subtract
out the effect of the parasitic inductance from the measurement, so that a more
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accurate value for the capacitance of the IDC may be obtained. This is achieved
using the preceding procedure, on the IDC in free space, to obtain the inductance
LIDC . This value may then be used with any subsequent sensing layer measurements,
as long as the materials are non-magnetic.

Extraction of the Sensing Layer Permittivity for a Lossless IDC
Referring to (4.9), it is possible to extract the value of the permittivity from the
capacitance using,
r2 =

Cs
− r1
0 k

(4.18)

where k has been defined in (4.10), r2 is the relative permittivity of the sensing layer,
and r1 is the relative permittivity of the substrate.
It is interesting to note that previous extraction techniques have not accounted for
the parasitic inductance, and have instead included a frequency-varying capacitance
Cs (ω) = −Im(Y12 (ω))/ω [1, 10, 11], as represented, for example, in Figure 4.10 (solid
lines) for the IDC with finger length 2.5 mm. Following this approach, the sensing
layer permittivity, r , of a lossless material has been extracted using (4.18). The
results are plotted in Figure 4.11 (solid lines). It is evident that there are significant
discrepancies between the calculated permittivity values, and what should be constant
theoretical values. The values calculated using this approach (i.e. neglecting the
parasitic inductance) are frequency dispersive. This suggests that the effect of the
parasitic inductance, although relatively small, is nevertheless integral in extracting
the relative permittivity of the sensing layer over a broad band of frequencies.
The parasitic inductance, LIDC , will now be accounted for, following the equivalent
circuit model of the lossless IDC, as shown in Figure 4.8. The imaginary part of the
transimpedance (the reciprocal of the transadmittance) in this model is given as,

Im

1
−Y12


= ωLIDC −

1
1
= ωLIDC −
,
ωCs
ω0 (r2 + r1 )k
100

(4.19)

Figure 4.11: Extraction of the sensing layer permittivity, r2 , of the IDC with fingers
of length 2.5 mm. The solid lines represent the extraction results using (4.18), where
the parasitic inductance LIDC has been neglected. The dashed lines represent a
correction of the results, using (4.20), where the effects of the parasitic inductance
have been included.
where the capacitance Cs is replaced by the expression given in (4.9). It is straightforward to now solve for the sensing layer permittivity r2 . This is given as:

r2



−1
1
1
ωLIDC − Im
− r1 .
=
0 kω
−Y12

(4.20)

The permittivity, r2 , of the sensing layer is now given as a function of k, defined
in (4.10), the frequency, the transimpedance, the substrate permittivity, and the
parasitic inductance LIDC .
The extracted permittivities are again plotted, this time using the modified equation (4.20) accounting for the parasitic inductance. The results are presented in
Figure 4.11 (dashed lines), and they agree very well with the expected values of r2 .
The technique for extraction of the sensing layer properties is now extended for
the case of a lossy sensing layer from which we want to extract both the relative
permittivity r and conductivity σ.
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Equivalent Circuit Representation of the IDC – σ 6= 0
The equivalent circuit will now be analyzed for the case where the sensing layer is
conducting, i.e., σ 6= 0. In this case the conductivity is represented by a resistance,
Rs , in parallel to the capacitance, as shown in Figure 4.12.

Figure 4.12: Equivalent circuit of the interdigital capacitor. In this model, metal
losses is assumed to be negligible, however the sensing layer dielectric is lossy, with
σ 6= 0.
For this case the real and imaginary components of the transimpedance, ZR =
Re(−1/Y12 ) and ZI = Im(−1/Y12 ) respectively, can be found as:

ZR =

Rs
1 + ω 2 Rs2 Cs2

(4.21a)

and
LIDC + Rs2 Cs (ω 2 LIDC Cs − 1)
ZI = ω
.
1 + ω 2 Rs2 Cs2

(4.21b)

Extraction of the Sensing Layer Complex Permittivity from the IDC capacitance – σ 6= 0
For a conductive sensing layer (σ 6= 0), the equivalent circuit model in Figure 4.12
will be used. There will be two unknowns to solve for – r 2 and σ2 . One may solve
for these parameters having determined the real and imaginary components of the
transadmittance, which will subsequently give ZR and ZI , as defined in (4.21). To
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solve for r2 and σ2 , we first substitute in (4.9) and (4.11):

ZR =

k

[σ22

σ2
+ ω 2 20 (r2 + r1 )2 ]

(4.22a)

and
ZI = ω

kLIDC [σ22 + ω 2 20 (r2 + r1 )2 ] − 0 (r2 + r1 )
.
k [σ22 + ω 2 20 (r2 + r1 )2 ]

(4.22b)

There are now two equations and two unknowns, and so:

σ2 =

and

ZR
 2

k ZR + (ωLIDC − ZI )2

s
r2 =

σ2 (1 − kσ2 ZR )
− r1 .
kω 2 20 ZR

(4.23a)

(4.23b)

Although this technique is not suitable for a remote-monitoring system, it is useful
to note that it can be used to retrieve the material properties of a substrate or
superstrate, e.g., of a thin-film as described in [10, 11].

4.3

Saturation of the Interdigital Capacitor

The above equations for the capacitance of the sensor were derived for infinite thicknesses of substrate and sensing layer. It is however necessary to study the saturation
of the capacitor as a function of the thickness of the sensing layer. For an interdigital capacitor, it is known that as the thickness of the dielectric layer on top of the
capacitor increases, the capacitance continues to increase until it reaches its so-called
saturation value which is 99.5% of its maximum value. This thickness is referred to
as the penetration depth of the fringing fields [12]. The effect of the sensing layer
thickness on the capacitor saturation is key to the methodology developed in this
work. The sensor needs to be embedded at a depth in the tissue that ensures that the
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capacitor has reached its saturation value. Under this condition, the sensor resonant
frequency will be affected only by the properties of the first encapsulating layer and
will be unaffected by additional surrounding layers.

4.3.1

Study of the Saturation Thickness

The saturation thickness can be obtained analytically [13] by the following equations,

dsat = −

0.005
s
ln(
)
a1
a2

(4.24)

where a1 and a2 are defined as functions of w and s,
a1 = 114.97 (s + w)3 + 28.75 (s + w)2 − 9.183 (s + w) + 1.631

(4.25a)

a2 = 1293.21 (s + w)3 + 164.87 (s + w)2 − 6.521 (s + w) + 6.105

(4.25b)

As an example, the interdigital capacitor shown in Figure 4.13 has been studied.
It consists of 10 fingers, each finger is of length l equal to 5 mm, and width w and
spacing s both equal to 125 µm. The capacitor resides on a substrate with thickness
d1 of 0.787 mm, and permittivity r1 equal to 2.33. The study of the saturation of
the capacitor, with respect to the sensing thickness d2 , has been performed.
Simulation results using SONNET are compared to the analytical solution derived from the conformal mapping technique. The capacitance is shown in Figure
4.14 as a function of the sensing layer thickness d2 . In this case, the sensing layer
is a lossless material with a real permittivity r2 equal to 40. It is observed that, as
the sensing layer thickness d2 increases, the capacitance continues to increase until it
reaches saturation. After the saturation thickness has been reached, no fringing fields
are present. Little discrepancies are observed between the calculated and simulated
results. However there is less than 10% error between the maximum simulated and

104

(a)

(b)

Figure 4.13: (a) Interdigital capacitor (a) Top view and (b)Cross-section , all dimensions are in mm
calculated capacitance value. This error is mostly due to the fact that the calculated expression neglects the thickness of the metal layer. The saturation thickness
calculated from (4.24) is also in close agreement with the simulated and calculated
data.
Lossy Sensing Layer – σ 6= 0
In the previous illustration of the capacitor saturation, the sensing layer considered
was lossless. However, as biological tissue are highly conductive, it is necessary to
verify the precedent analysis with a conductive sensing layer. The same interdigital
capacitor has been simulated with SONNET, with a sensing layer having a conductivity equal to 0.5 (S/m). In this case, the equivalent circuit model of the capacitor
from Figure 4.12 was used in order to extract the capacitance Cs of the interdigital
capacitor. The results are shown in Figure 4.15, where the saturation of the capacitor
is still valid for highly conductive sensing layer.

In summary, the capacitance increases with thickness until saturation is achieved,
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Figure 4.14: Capacitance of the IDC shown in Figure 4.13 as a function of d2 , the
simulations results are performed with Sonnet. The calculated results are based on
the conformal mapping technique presented in the previous section with details for
the derivation available in Appendix. d2,sat corresponds to the saturation thickness
and has been calculated with (4.24).
at which point it remains constant. The saturation thickness is only dependent on
the spacing s and width w of the sensor. This is significant because additional layers
can be added without affecting the capacitance.

4.3.2

Impact on the Resonant Frequency

The impact of the sensing layer thickness on the impedance and resonant frequency
of the sensor is now analyzed. At thickness higher than the saturation thickness of
the capacitor, the capacitance and therefore the impedance of the sensor will not be
affected anymore. Additional layers will therefore have no effect and it will be possible
to extract the electrical characteristics of the first layer on which the LC sensor is
implanted. Simulations have been performed with SONNET in order to confirm the
effect of additional layers above the penetration depth of the fringing fields. The
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Figure 4.15: Capacitance of the IDC shown in Figure 4.13 as a function of the thickness of the sensing layer.
impact of the saturation thickness of the sensing layer is first illustrated for a sensing
layer with no conductivity. As biological tissue represent highly conductive materials,
it is then verified for a sensing layer with conductivity that could be found in typical
biological material.

Lossless Sensing Layer – σ = 0
First, the LC sensor is analyzed alone to study the saturation of the capacitor and its
effect on the resonant frequency of the sensor. As an example, a sensor is designed
with a 6-turn inductor, in series with the capacitor shown in Figure 4.13. The geometry of the LC sensor studied is shown in Figure 4.16. The inductor has an outer and
inner radius of 10 mm and 7 mm respectively, and width and spacing both equal to
125 µm. The sensor has a resonant frequency in free space of 140 MHz. The sensing
layer has a real permittivity of r2 = 40 with the thickness d2 varied.
The imaginary part the admittance Ys of the sensor (Ys = 1/Zs ) is plotted in
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Figure 4.16: LC sensor geometry with an overall area of 10mm x 10mm. Dimensions
are in mm
Figure 4.17 as a function of frequency. As expected, the resonant frequency, defined
when the susceptance becomes zero, decreases as d2 increases, until the capacitor has
reached its maximum capacitance value. This corresponds to the saturation thickness
d2,sat calculated in the previous section.

Figure 4.17: Impact of thickness of sensing layer d2 on the input impedance and the
resonant frequency of the sensor shown in Figure 4.16.
After saturation has been reached, a second layer with a real permittivity equal
to 120 and a thickness of 5 mm, is added on top of the sensing layer. Negligible effect
is observed on the admittance of the sensor as well as the resonant frequency of the
LC sensor, as shown in Figure 4.18. This allows for the extraction of the permittivity
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of the layer in which it is encapsulated.

Figure 4.18: Impact of thickness of sensing layer d2 on the input impedance and the
resonant frequency of the sensor shown in Figure 4.16.

Lossy Sensing Layer – σ 6= 0
The LC sensor is analyzed alone to study the impact of the sensing layer’s thickness
on its admittance. In this case, the sensing layer has a real permittivity of r2 equal
to 80 and a conductivity of 0.5 (S/m).
The imaginary part the admittance Ys of the sensor (Ys = 1/Zs ) is plotted in Figure
4.19 as a function of frequency. When the thickness of the sensing layer is smaller
than the saturation thickness (d2 = 0.1mm), it is observed that the admittance of the
sensor is different than the admittance of the sensor with a sensing layer of thickness
equivalent to the saturation thickness d2,sat . After saturation has been reached, the
thickness of the sensing layer does not impact the sensor’s admittance.
After saturation has been reached, a second layer with a real permittivity and
conductivity equal to 100 and 0.9 (S/m) respectively and a thickness of 10 mm, is
added on top of the sensing layer (see Figure 4.20a). Negligible effect is observed
on the admittance of the sensor , as shown in Figure 4.20. This allows for the
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Figure 4.19: Impact of thickness of sensing layer d2 on the input impedance and the
resonant frequency of the sensor. It is noted that the input impedance results for a
sensing layer with d2 equivalent to d2sat and d2 equal to 20 mm overlap.
possible extraction of the complex permittivity of the first layer in which the sensor
is embedded.

(a)

(b)

Figure 4.20: Impact of layers above saturation region on the admittance of the sensor
and its resonant frequency for the sensor. The results with d2 equivalent to d2sat ,
where there is no additional layer on top of the sensing layer overlap with the results
for the case where the additional layer has a thickness d3 of 10mm .
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4.4

Extraction of the Sensing Layer Complex Permittivity
with the LC Sensor

In this section, methods are presented for the extraction of the complex permittivity
of a sensing layer, of greater thickness than the saturation thickness described in the
previous section. The LC resonant sensor is used, and the techniques are described in
detail. Different extraction procedures are presented: a resonant technique for lossless
non-dispersive materials; a resonant technique for lossy materials; and a broadband
technique for lossy materials. The first technique – for the case when the sensing layer
is lossless and non-dispersive – relies on the measurement of the resonant frequency
of the sensor. A calibration measurement is first made in free space, followed by a
subsequent sensing layer measurement. The advantage of this technique is that analytical formulas are not required for the calculation of the capacitance, thus removing
a possible source of error. The technique is then generalized to the case when the
sensing layer is lossy by updating the equivalent circuit model used. A new expression for the calculation of the resonant frequencies will result. Finally, a broadband
extraction technique is presented that allows the retrieval of the relative permittivity
and conductivity of the sensing layer over a broad frequency range.

4.4.1

Extraction of the Sensing Layer Complex Permittivity from the
Resonant Frequencies

Techniques are first presented for the extraction of the material parameters at the
resonant frequencies of the sensor.

Characterization of a Lossless Dielectric Sensing Layer
Figure 4.21 shows the equivalent circuit of the sensor in free space, and inside a lossless
dielectric. As the sensing layer under test is a non-magnetic dielectric, the inductance
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for both case is assumed to stay the same and is equal to Ls . The inductance of the
loop inductor of the sensor Lind is in series with the parasitic inductance Lidc of the
interdigital capacitor defined (4.17). With these two inductance being in series, in the
next sections, we will then assume that the inductance of the sensor Ls incorporates
both.

(a)

(b)

Figure 4.21: (a) Equivalent circuit of the sensor placed in free space, and (b) equivalent circuit of the sensor embedded inside a lossless dielectric.

The sensor resonant frequency in free space, fA , and enclosed within a lossless
dielectric material fD are given as follows,

fA =

1
2π Ls CsA

(4.26a)

fD =

1
,
2π Ls CsD

(4.26b)

√

√

where CsA and CsD correspond respectively to the sensor capacitance in free space,
and inside the dielectric. Using (4.9), CsA and CsD are given as,

CsA = 0 (r1 + 1)k

(4.27a)

CsD = 0 (r1 + r2 )k,

(4.27b)

and

where k is defined in (4.10), as a function only of the geometrical parameters of the
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interdigital capacitor (i.e., it is independent of the material parameters of the device,
and so it will be the same for the dielectric and the free space cases). It would be
beneficial to remove the need to calculate the structure parameter k, as well as the
inductance Ls . To remove the dependence on Ls , we take advantage of the calibration
measurement in free space, and take the ratio of (4.26a) to (4.26b) to get,


fA
fD

r


=

CsD
.
CsA

(4.28)

Squaring both sides, and substituting in (4.27a) and (4.27b), k will cancel out of the
equation, and we may solve for the relative permittivity of the first layer encapsulating
the sensor:
r2 = (1 + r1 )(

fA 2
) − r1 .
fD

(4.29)

The main benefit of this method is that the calibration measurement in free space
removes the requirement to determine Ls and k, and so the calculation is not dependent on the sensor geometry. A disadvantage of the technique is, of course, that the
material is assumed to be lossless. In the next section, the analytical formulations
are derived for the case where the sensing layer is lossy.

Characterization of a Lossy Dielectric Sensing Layer
The equivalent circuit of the sensor, in presence of a lossy dielectric, is shown in
Figure 4.22, where RsD is a resistive element in parallel to the capacitance. The
resistance RsD is due to the conduction current in the presence of a lossy material,
and must be accounted for in order to determine both the relative permittivity, as
well as the conductivity of the sensing layer.
The impedance of the circuit shown in Figure 4.22 is given as:

Zs = jωLs +

RsD
.
1 + jωRsD CsD
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(4.30)

Figure 4.22: Equivalent circuit of the sensor with a lossy dielectric sensing layer [1].
The admittance of the circuit can be written as

Ys =

1
= Yrs + j Yis ,
Zs

(4.31a)

where Yrs and Yis are the real and imaginary parts of the admittance, respectively,
and are given as
Yrs =

RsD
(RsD − ω 2 Ls RsD CsD )2 + (ω Ls )2

2
2
2
− Ls )
CsD
CsD − ω 2 Ls RsD
ω (RsD
Yis =
.
2
2
(RsD − ω Ls RsD CsD ) + (ω Ls )2

(4.31b)
(4.31c)

In Figure 4.23, the real and imaginary parts of the admittance of a sensor, embedded
inside a lossy dielectric, is plotted as a function of frequency. The frequency at which
the susceptance becomes zero – the zero-susceptance frequency – is noted as fD,z ,
while the frequency corresponding to the maximum of the conductance is fD,max . It
can be observed that for a lossy dielectric, fD,z and fD,max are different. However
when the dielectric is lossless, they will be equal.
The zero-susceptance angular frequency, ωD,z ( ωD,z = 2π fD,z ), is given by,
s
Yis = 0 =⇒ ωD,z =

1
1
− 2 2
Ls CsD RsD CsD

(4.32)

To find the maximum-conductance angular frequency, ωD,max (ωD,max = 2π fD,max ),
(4.31b) is first differentiated with respect to ω, and then equated to zero. ωD,max is
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Figure 4.23: Illustration of the theoretical admittance of a lossy dielectric as in Figure
4.22
then derived as the following:
∂Yrs
1
= 0 =⇒ ωD,max =
∂ω
CsD RsD

s

2
2 CsD RsD
− Ls
2 Ls

(4.33)

By rearranging (4.32) and (4.33), we can extract the capacitance CsD , and resistance RsD , of the equivalent circuit shown in Figure 4.22, as functions of the angular
frequencies ωD,z and ωD,max . These will be expressed as,

CsD =

s
RsD =

1
Ls (2

2
ωD,max

(4.34a)

2
− ωD,z
)

Ls
2
2 CsD (1 − Ls CsD ωD,max
)

(4.34b)

Following the same procedure as for the lossless case, a calibration measurement may
be performed in air, in order to retrieve the inductance, Ls :

Ls =

1
ωA2 CsA

=

1
kωA2 0 (1
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+ r1 )

,

(4.35)

where ωA is the resonant angular frequency of the sensor in free space. Substituting
this equation, along with the expressions for CsD and RsD (given in (4.9) and (4.11),
respectively) into (4.34), the complex permittivity of the dielectric under test is given
as the following:
ωA2
− r1
2
2
2ωD,max
− ωD,z
q
2
2
σ2 = 0 (r1 + r2 ) 2(ωD,max
− ωD,z
).
r2 = (r1 + 1)

(4.36a)
(4.36b)

The zero-susceptance frequency ωD,z , defined in (4.32), is in general lower than ωD,max
and will decrease with increasing conductivity. This limits the maximum conductivity
that can be extracted using this method, to the value when ωD,z becomes zero,
s
ωD,z =

1
1
− 2 2 =0
Ls CsD RsD CsD

(4.37)

The limit will be reached when,
1
=
RsD

r

CsD
Ls

(4.38)

By substituting (4.27b), (4.11) and (4.35) into (4.38), the maximum conductivity
allowed for this technique is found to be:

σ2,max = ωA 0

4.4.2

p

(r1 + 1)(r1 + r2 )

(4.39)

Broadband Extraction of the Dispersive Sensing Layer Complex
Permittivity

Characterization of a Lossy Dielectric Sensing Layer
The extraction techniques so far presented allow the retrieval of the complex permittivity at a single frequency, namely, at the resonant frequency. However, as biological
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tissues are dispersive, a method to extract the frequency dependent parameters is
necessary.
The sensor impedance can be found from the measurement of the external antenna
impedance, as defined in chapter 3

Zs (ω) =

ω2M 2
(Zin (ω) − Za (ω))

(4.40)

The theoretical sensor impedance is modeled as an RLC circuit and is given as,

Zs = Zrs + j Zis = jω Ls +

1
RsD

1
+ jω CsD

(4.41)

where Zrs and Zis are the real and imaginary parts of the sensor impedance, respectively, and are defined as functions of ω as the following:

Zrs (ω) =

1+

ω2

RsD (ω)
[CsD (ω)]2 [RsD (ω)]2


CsD (ω)[RsD (ω)]2
Zis (ω) = ω · Ls −
.
1 + ω 2 [CsD (ω)]2 [RsD (ω)]2

(4.42a)



(4.42b)

We now want to solve for the capacitance CsD and RsD in terms of ω, the measured
sensor impedance implanted in a dispersive dielectric Zs and the known sensor inductance Ls . From (4.42), it is possible to write an expression of CsD in terms of Zis
and Zrs
CsD (ω) =

ω

2
[Zrs

ωLs − Zis
+ (ωLs − Zis )2 ]

(4.43)

RsD can now be written in terms of ω, Ls , Zs and CsD
(ωLs − Zis )2
RsD (ω) = Zrs +
Zrs

(4.44)

The complex permittivity is therefore extracted as a function of frequency. r and
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σ are defined as functions of CsD and RsD defined in (4.43) and (4.44) and are given
as follows,
r2 (ω) =

CsD (ω)
− r1
0 k

(4.45a)

1
RsD (ω)k

(4.45b)

σ2 (ω) =

Where 0 is the permittivity of free space, rs is the relative permittivity of the
substrate layer. k is defined in the previous section in (4.10).

4.5

Summary

Techniques for the characterization of biological tissues using an RF telemetry link
with a passive LC sensor have been presented. The LC sensor consists of a planar
loop inductor in series with an interdigital capacitor. When the LC sensor is enclosed
in a biological tissue layer, the fringing field of the interdigital capacitor is increased
and it is possible to characterize the encapsulating tissue.
With the objective of characterizing tissue layers, equivalent circuits have been
developed which accounts for the dispersive behavior of the tissue in which the sensor
is embedded. A broadband equivalent model for the interdigital capacitor has been
demonstrated which accounts for the high frequency parasitics.
The saturation of the interdigital capacitor has been analyzed in order to define a
depth criteria at which the sensor has to be embedded so that it is only affected by the
first tissue layer encapsulating it. This has been demonstrated for highly conductive
sensing layer, and it was shown that additional layers further the saturation criteria
have no impact on the sensor’s admittance or resonant frequencies.
In the analytical formulations and in the simulation model, only the sensor is
considered whereas in the experimentation, all measurements are made at the input
terminals of the external antenna, which queries the sensor. It should be emphasized
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that knowledge of the sensor and its geometry is not required.As seen in Chapter 2,
it is possible to detect the resonant frequencies of the sensor by monitoring the input
impedance Zin of the external antenna. The method is based on these frequencies and
not on the value of Zin and therefore the value of mutual coupling M is not required.
The equivalent circuit models developed have then been used for the de-embedding
of the separate inductor, capacitor and conductance elements from the circuit. Extraction methods have been presented, namely, a resonant frequency technique and a
broadband frequency technique. The resonant frequency technique was developed in
order to extract the sensing layer properties at the resonant frequencies. The shifts in
the resonant frequencies due to the presence of the tissue layer are monitored. From
the derivation of the lumped elements of the equivalent circuit of the sensor in presence
of a lossy material, the relative permittivity and conductivity of the encapsulating
tissue are extracted. Finally, a broadband frequency technique is also developed for
the extraction of the dispersive properties of the encapsulating tissue over a large frequency range. In this case, the frequency dependent elements are extracted from the
measurement of the sensor’s impedance, allowing for the extraction of the frequency
dependent relative permittivity and conductivity of the encapsulating tissue.
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Chapter 5
Results And Discussions

The validation of the different techniques for the characterization of biological tissues
are now presented. From monitoring the sensor’s admittance, the analytical model
presented in the previous sections are used in order to extract the lumped element
circuits including the dispersive characteristics of the encapsulating tissue layer. The
methods are demonstrated with sensing layers having dispersive electrical properties equivalent to biological tissues. The resonant technique, based on the resonance
frequency-shift due to the presence of the sensing layer, is demonstrated for various
sensing layer properties. In addition, the broadband technique is used to extract the
dispersive material properties of various biological tissues, over a broad frequency
range. In particular, the possible differentiation between normal and malignant biological tissues is shown in this section.

5.1

Resonant Frequency Technique

In this section, the resonant technique for determination of the complex permittivity
of the sensing layer is verified with numerical results. The technique relies on monitoring the zero-susceptance and the maximum conductance frequencies, fD,z and
fD,max respectively, to determine the relative permittivity and conductivity. From
the measurement of the impedance of the external antenna, it is possible to extract
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the impedance or admittance of the sensor placed in close proximity with the antenna.
These can be used to determine the two frequencies.
From the values of fD,z and fD,max , the relative permittivity and conductivity of
the sensing layer are extracted using the analytical expressions developed in chapter 4 (4.36). As discussed in Chapter 4, the maximum conductivity that can be
extracted is calculated with (4.38). This limit is reached as fD,z tends towards DC.
It is dependent on the permittivity of the substrate rs , and the permittivity of the
sensing layer, r , as well as the resonant frequency, ωA , of the calibration measurement in free space. The technique is first validated for the case where the sensing
layer has known non-dispersive characteristics. The method is then demonstrated on
a sensing layer with dispersive biological tissue characteristics.

5.1.1

Validation of Resonant Frequency Technique

In the following example, an LC sensor is embedded inside a range of dielectrics,
each with the same relative permittivity value, but with different conductivities. The
substrate has a permittivity, rs , of 2.33, and a thickness of 0.787 mm. The interdigital
capacitor is designed with fingers of length 2.5 mm, as well as width and spacing both
equal to 62.5 µm. There are a total of 10 fingers on each of the two electrodes. The
loop inductor of the sensor has outer dimensions of 5 mm x 5 mm, while the resonant
frequency of the calibration measurement falls at fA = 812 MHz.
In the first case, the sensing layer has a constant relative permittivity, r of 40. The
conductivity of the sensing layer is varied. In this case, the maximum conductivity
σmax is found, using (4.38), to be equal to around 0.54 S/m. The real and imaginary
parts of the admittance are shown in Figure 5.1, where the resonant frequencies are
monitored for the different conductivities.
There is a good agreement between the extracted and expected relative permittivity values as shown in Table 5.1, where the complex permittivities are extracted
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(a) Real(Ys ).

(b) Imaginary(Ys ).

Figure 5.1: Real and imaginary parts of the sensor admittance, Ys , for r equal to 40,
and for various σ values.
using (4.36), and compared to the expected values. When the sensing layer has a
low conductivity, very good agreement is witnessed between the extracted and the
expected relative permittivities. It is noted that when the conductivity of the sensing
layer becomes high, small discrepancies are found in extracting the permittivity val124

ues. This suggests that further parasitic elements, in particular for the loop inductor,
probably need to be accounted for. However, since there is a large contrast between
the properties of different biological tissues, the results still can be used for tissue
differentiation, even for the high conductivity case.
Table 5.1: Extraction of the complex permittivity of a sensing layer, of permittivity
r equal to 40, and for different values of conductivity σ.

The same sensor is now used to evaluate sensing layers with relative permittivity
equal to 80 and different conductivities. In that case, the maximum conductivity σmax
is now equal to 0.75 S/m, again using (4.38). The real and imaginary parts of the
admittance are shown in Figure 5.2, where the resonant frequencies are monitored in
order to obtain the different conductivities. The results are summarized in Table 5.2.
Similarly to the previous example, excellent agreement between the extracted and
expected relative permittivity values are obtained. When the sensing layer has a high
conductivity, small discrepancies are present in the extracted relative permittivity
values. As an example, an error of up to 16.9% is found in the permittivity value when
the conductivity is large. However, in that case again, the extracted conductivity is
in excellent agreement with the expected value, with errors of less than 1%.
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(a) Real(Ys ).

(b) Imaginary(Ys ).

Figure 5.2: Real and imaginary parts of the sensor admittance, Ys , for r equal to 80,
and for various σ values.
5.1.2

Tissue Characterization

The sensing layer that encapsulates the sensor is next modeled to have dispersive
electrical properties equivalent to those of biological tissues. The three types of sens-
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Table 5.2: Extraction of the complex permittivity of a sensing layer, of permittivity
r equal to 80, and for different values of conductivity σ.

ing layers considered are representative of fat, liver and skin tissue. The complex
permittivity profiles for these three types are taken from the measured tissue data
available in the literature [1] and shown in Figure 5.3. The real and imaginary parts
of the admittance of the sensor embedded in the different biological tissue are plotted
in Figure 5.4.

(a) Relative Permittivity.

(b) Conductivity.

Figure 5.3: Dispersive tissue properties of fat, liver and wet skin tissues, reproduced
from measured data compiled in [1].
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(a) Fat.

(b) Liver.

(c) Skin.

Figure 5.4: Admittance of sensor in fat, liver and wet skin tissues. The dispersive
tissue properties are obtained from measured data compiled in [1].
In each case, the resonant frequencies fD,z and fD,max are obtained, Table 5.3,
from which the complex permittivities are extracted using (4.36). It is noted that
for the case of the fat tissue, fD,z and fD,max are in the frequency range where the
relative permittivity and conductivity are relatively constant and the technique gives
an accurate value for the permittivity. The extracted permittivity and conductivity
of the fat layer are equal to 6.66 and 0.06 (S/m) respectively, and agree well with
the dispersive values for the fat layer from [1]. For liver and wet skin, since the two
frequencies are in the region where r and σ are very dispersive, there is a greater
discrepancy between the extracted and expected value. For example for the case of
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liver, the sensor in free space resonates at 812 MHz, and in the tissue fD,z and fD,max
are at 130MHz and 145MHz, corresponding to the region where r and σ are highly
dispersive as seen in Figure 5.3 . If the sensor is designed to resonate at a much
higher frequency in air to ensure that fD,z and fD,max are around 400MHz, very good
agreement is expected. This shows the importance of the sensor design. However,
the above demonstrates that this technique can characterize tissues.
Table 5.3: Extraction of the complex permittivity of a sensing layer composed of a
dispersive tissue layer.

5.1.3

Differentiation Between Healthy and Malignant Tissue

In the following example, the sensor is embedded in a dispersive dielectric layer with
electrical properties corresponding to normal breast tissue, and compared to the case
when it is embedded in cancerous breast tissue. The goal is to differentiate between
the two tissue types using the extracted material properties. The permittivity profile of the sensing dielectric layers is taken from the literature [2] for measurements
of normal and cancerous breast tissues obtained from patients undergoing surgical
mastectomy and are shown in Figure 5.5.
The results obtained are summarized in Table 5.3. This technique retrieves the
material properties in the small frequency range between fD,z and fD,max . For diseased
tissue, the resonant frequencies are at 49MHz and 64MHz (Table 5.3), where the
relative permittivity profile is highly dispersive as seen in Figure 5.5. This explains the
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(a) Relative Permittivity.

(b) Conductivity.

Figure 5.5: Complex permittivity of adipose and tumor tissue, reproduced from measured data from [2].
high discrepancy in the extraction of the relative permittivity obtained in Table 5.3.
However, because of the high contrast between the healthy and diseased tissue
the discrepancy between the extracted and expected relative permittivities and conductivities is not much and the methodology is sufficient to differentiate between the
tissues.
Table 5.4: Results of extraction of the complex permittivity for a sensing layer corresponding to adipose and tumor tissue [2]

5.2

Broadband Frequency Technique

The broadband frequency technique described in chapter 4 is now verified using numerical results. From the measurement of the impedance of the external antenna, the
admittance of the sensor is obtained, and the frequency dependent characteristics of
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the sensing layer are extracted using (4.45). The complex permittivity of the sensing
layer is equivalent to that of the electrical parameters of different biological tissues,
namely fat, liver and skin tissue, as shown in Figure 5.3.

5.2.1

Tissue Characterization

For the first example, a sensor is simulated in a tissue layer with material properties
corresponding to those of normal breast fat tissue. The relative permittivity r , and
conductivity σ were extracted and compared to the expected values. The results are
shown in Figure 5.6.
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(a)

(b)

Figure 5.6: Extraction of the complex permittivity of a fat layer. (a) Relative permittivity, r , and (b) conductivity, σ, extracted as a function of frequency, and compared
to the expected results.
The sensor is now enclosed in a layer with properties corresponding to those of liver
tissue. The relative permittivity r , and conductivity σ are extracted and compared
to the expected values. The results are shown in Figure 5.7.
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(a)

(b)

Figure 5.7: Extraction of the complex permittivity of a liver layer. (a) Relative permittivity, r , extracted as a function of frequency, and (b) conductivity, σ, extracted
as a function of frequency, and compared to the expected results.
Finally, the sensing layer has a complex permittivity profile representing that
of skin tissue. The relative permittivity r , and conductivity σ are extracted and
compared to the expected values as shown in Figure 5.8.
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(a)

(b)

Figure 5.8: Extraction of the complex permittivity of a skin layer. (a) Relative permittivity, r , extracted as a function of frequency, and (b) conductivity, σ, extracted
as a function of frequency, and compared to the expected results.
The results between the extracted and expected electrical properties agree very
well. The percentage error for both cases studied are shown in Figure 5.9 as a function
of frequency. Less than 5% error is found between the expected and extracted complex
permittivities for all cases.
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Figure 5.9: Percentage error between the extracted and expected results for relative
permittivity and conductivity for a sensor embedded in a layer of normal breast fat
tissue and liver tissue.
5.2.2

Differentiation Between Healthy and Malignant Tissue

Simulations are used to model the LC sensor, embedded inside a dispersive dielectric
layer. The sensing layer has electrical properties equivalent to those of either normal
breast tissue, or cancerous breast tissue, as shown in Figure 5.5. The relative permittivity r , and conductivity σ are extracted and compared to the expected values. The
results are shown in Figure 5.10. The extracted and expected values agree very well,
with less than 5% error observed for both the adipose and the tumor tissue cases.
This technique allows for the differentiation between the different types of tissues.
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(a) Relative Permittivity.

(b) Conductivity.

Figure 5.10: Extraction of the complex permittivity of a sensing layer composed of
either adipose or tumor tissue.
5.2.3

Tissue Characterization Below Saturation Condition

With the LC sensor enclosed inside a dispersive layer corresponding to cancerous
breast tissue, the thickness of the sensing layer is varied in order to illustrate the importance of performing the measurement with a sensor layer thickness that is greater
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than the saturation thickness.
The percentage error between the extracted and expected values are first summarized in Figure 5.11, from the results shown in Figure 5.12 . The permittivity and
conductivity results are shown in Figure 5.12 for a sensing layer thickness equal to
0.05 mm, which is below the saturation thickness, and also for a measurement with a
layer that is thicker than the saturation thickness. For this particular interdigital capacitor, the saturation thickness was calculated by (4.24) and was found to be equal
to 0.5 mm. The results are in good agreement, with less than 5% error when the
thickness of the sensing layer corresponds to that of the saturation thickness. However, errors of up to 20% are obtained when the sensing layer thickness is 0.05 mm, as
shown in Figure 5.11. This demonstrates the importance of achieving the saturation
condition before the material parameters are extracted.

Figure 5.11: Percentage error between the extracted and expected values for relative
permittivity r and σ for a sensing layer thickness of 0.005mm and equal to the
saturation thickness.
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(a) Relative permittivity vs. frequency (MHz).

(b) Conductivity(S/m) vs. frequency (MHz).

Figure 5.12: Extraction of the complex permittivity of the sensor, where the sensing
layer corresponds to cancerous (tumor) breast tissues. The results are plotted for a
sensing layer thickness equal to 0.05mm and equal to the saturation thickness.

5.3

Experimental Results

All of the above has been demonstrated through experimentation with a telemetry
consisting of a fabricated transmit/receive loop antenna and a prototype LC circuit
immersed in single and multiple dispersive regions.
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5.3.1

Fabricated Sensors

Several prototype sensors have been fabricated, each with a planar square inductor
in parallel with an interdigital capacitor. The sensors are fabricated on a Rogers
RT/duroid 5880 (rs = 2.22) substrate, of thickness equal to 1.575 mm. The sensors
were coated with a thin layer of parylene serving as the protective layer. A number
of sensors are shown in Figure 5.13, with a range of different dimensions.

(a)

(b)

Figure 5.13: Picture of (a) LC sensors of various sizes. The LC sensors are compared
in size to a US quarter. They have dimensions of, from left to right, 5 mm × 5 mm,
1 cm × 1 cm, 2 cm × 2 cm, and are fabricated on RT Duroid 5880 (rs = 2.22, h =
1.575 mm). (b) A fabricated antenna, along with an LC sensor with dimensions of
1 cm × 1 cm.
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5.3.2

Measurement of the Sensor Resonant Frequency in Free Space

A calibration measurement is performed in free space to determine its self-resonant
frequency, at which the zero-susceptance and maximum conductance frequencies are
the same. Once encapsulated within a biological tissue, these frequencies will shift.
The resonant frequency of the sensor is monitored by measuring the input impedance
of the antenna, connected to the Agilent 8753D network analyzer. The resonant
frequencies of the sensors shown in Figure 5.13a are measured in free space, and compared to simulated and calculated results. The results are summarized in Table 5.5.
For the LC sensor of 20 mm × 20 mm size, the measured resonant frequency is
57.4 MHz whereas the simulated resonant frequency is 63.5 MHz and the calculated
one is 75.5 MHz. As the size of the sensor reduces, big discrepancies are seen between
the calculated and the measured resonant frequencies. However, the simulated resonant frequencies are in close agreement with the measured ones. This is due to the
fact that the simulation results account for the parasitics that are due to the coupling
between the loop inductor and capacitor, while the analytical model used neglects
this. The results confirm the importance of calibrating the sensor with a free space
measurement as demonstrated in Chapter 4.

5.3.3

Impact of multiple dispersive layers

The impact of adding another layer has also been investigated. Two different configurations have been compared; a single layer of de-ionized water with a thickness of 5
mm, and two layers consisting of de-ionized water (2 mm thick) and oil (5 mm thick).
It is seen that there is a shift in the resonant frequency of the sensor and that there is
no additional shift when the second layer is added (Figure 5.14), demonstrating that
only the first layer impacts the resonant frequency shift.
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Table 5.5: Measurement of the sensor resonant frequency in free space, with comparison to simulated and calculated values.

5.3.4

Validation with Measurement of De-ionized Water

For validation, the complex dielectric permittivity of the deionized water is also measured with the Agilent 85070E high temperature probe and the E4191A Impedance
Analyzer [3]. The probe is submerged in deionized water, and the reflection coefficients are measured. From these reflection coefficients, the complex permittivity of
the material has been obtained. Table 5.6 summarizes the results of the material
property extraction. The extraction technique using the telemetry link compares well
with the measured values obtained using from the probe. Conductivity in de-ionized
water is low, and so one may expect larger relative errors than with the relative permittivity measurements.
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(a)

(b)

Figure 5.14: Measured magnitude of the input impedance of the antenna isolated
from the sensor, and in close proximity to the sensor. Measurements are made in free
space and inside water.
Table 5.6: Measurement of the complex permittivity of deionized water. Comparison
of results from the techniques of this present work, and from the Agilent dielectric
probe.
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5.3.5

Phantom Models

As the electrical properties found in the human body vary greatly with frequency, it
is difficult to find ready-made materials with equivalent properties. Based on [15],
a phantom model representative of fat has been fabricated. The fat phantom was
composed of 3% of NaCl solution (0.9% NaCl, 99.1% H2 O water), 30% of corn oil
and 67% of flour. The dielectric permittivity of the phantoms was first measured with
the Agilent 85070E high temperature probe and the E4191A Impedance Analyzer [3].
The measured relative permittivities and conductivities of the fabricated phantom
are shown in Figure 5.15.

(a) Relative permittivity.

(b) Conductivity

Figure 5.15: Measured relative permittivity and conductivity of the fabricated phantom, as measured with the Agilent dielectric probe.
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5.3.6

Resonant Frequency Technique

The sensors were embedded inside the fabricated phantom materials. In each case
the external antenna was used to measure the resonant frequencies and the results are
summarized in Table 5.7. From the measured resonant frequencies fD,z and fD,max ,
as well as that in free space fA , the relative permittivity and conductivity of the
phantom layer are extracted using the analytical expressions developed in the previous
section. The extracted results from the measurements correspond to the values of
the complex permittivity at the resonant frequencies. The results are compared to
the measurement from the dielectric probe measurements. The relative permittivity
measurements show good agreement. The conductivity measurements are sufficient
for our purposes, and reflect the dispersion with frequency. It should be noted that
the material properties of the phantoms that were measured may have varied slightly
with time, as they were exposed to air. Additionally, there may have been some
inhomogeneity along the phantom, resulting in a variation of the material properties
at the locations that the different measurements were performed at. These factors
may account for some of the variation between the two measurement techniques.
Table 5.7: Measurement of the complex permittivity of the fat phantom. Comparison
of results from the techniques of this present work and from the Agilent dielectric
probe.
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5.3.7

Saturation Condition

The condition corresponding to the saturation of the interdigital capacitor is again
demonstrated in Figure 5.16, where the thickness of the phantom layer is varied
until the sensor has reached saturation. For this particular interdigital capacitor, the
saturation thickness was calculated by (4.24), and was found to be equal to 1.1 mm.
As the fat layer is increased, the resonant frequencies of the sensor shift until the
saturation criterion has been reached. As the thickness of the phantom layer is
increased above saturation, and up to 20 mm, the admittance of the sensor is no
longer affected. Therefore, the complex permittivity of the first layer enclosing the
sensor can be extracted with minimal influence from subsequent layers.

Figure 5.16: Measured real and imaginary parts of the sensor admittance, Ys when
the sensor is surrounded by the fat phantom. Illustration of the saturation condition
for the 20 mm × 20 mm sensor as a function of the insertion depth d inside the fat
phantom or sensing layer.
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5.3.8

Broadband Frequency Technique

The broadband frequency technique described in chapter 4 is now verified experimentally. First, the saturation condition is illustrated for the broadband technique. From
the measured admittance of the sensor in Figure 5.16, the complex permittivity of the
phantom is extracted with varying thickness. The results are shown in Figure 5.17 for
a sensing layer thickness ranging from 0.25 mm, which is below the saturation thickness, to a measurement with a layer that is thicker than the saturation thickness.
This demonstrates the importance of achieving the saturation condition before the
material parameters are extracted, so that the characteristics of only the first layer
are extracted.

(a) Relative permittivity.

Figure 5.17: Extraction of the relative permittivity of the fat phantom using the
broadband technique for different insertion depths d inside the sensing layer. The
saturation thickness for the 20 mm × 20 mm sensor is reached when d is equal to
1.1 mm (yellow line).
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The sensors are now embedded in the fat phantom layer, with the saturation
criterion having been met. The results are shown in Figure 5.18, for the three different sensors. The material parameters extracted using the different sensors match
extremely well, up until a particular sensor’s self-resonance. Above the resonant frequencies, the equivalent circuit model currently used is not valid for this broadband
frequency technique. Thus, the material parameters may not be retrieved. Nevertheless, it has been shown experimentally that the technique presented here may
successfully be used to retrieve the material parameters of a lossy, dispersive dielectric
tissue, up until the self-resonant frequency of the sensor. This implies that the design
of the sensor is crucial in achieving the requisite frequency range, while also achieving
sufficient performance levels.
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(a) Relative permittivity.

(b) Conductivity

Figure 5.18: Measured complex permittivity of the fat phantom with sensors of different sizes. LC1 is the 20 mm × 20 mm sensor, LC2 is the 10 mm × 10 mm sensor,
and LC3 is the 5 mm × 5 mm sensor.
5.3.9

Guidelines for designing an LC sensor for tissue characterization

A summary of guidelines to be used when designing a passive LC sensor for tissue
characterization is now discussed. The procedure applies for both the resonant fre-
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quency and the broadband technique, where the main difference is that the broadband
technique does not need an external antenna. In the resonant frequency technique,
the values at the frequency of resonances are extracted, whereas in the broadband
technique, the broadband results are extracted until the first resonant frequency of
the sensor.
As discussed in earlier chapters, the properties of biological tissue differ greatly
between organs. Additionally, they will differ for different states (healthy or diseased
for example) of the same organ. Depending on the application and the tissue that
needs to be characterized and the level of accuracy needed, the range of permittivity
and conductivity that needs to be extracted needs to be first identified. From the
equations derived in chapter 4, the maximum conductance that can be extracted is
calculated using (4.39), from the resonant frequency of the sensor in free space, the
relative permittivity of the substrate material and the relative permittivity of the
surrounding tissue.
From the value of the resonant frequency in free space, and for a desired sensor
size for an implantable application, the inductance and capacitance of the sensor
need to be obtained. Ls can be obtained from the equation presented in chapter
3 using (3.4), and Cs can be obtained from (4.9) and (4.10). These equations are
used as a first step, simulations results can be then performed for a more accurate
solution. The sensor size is determined by the requirements of the measurements,
as discussed previously. In summary, a smaller sensor size will have a higher selfresonant frequency, allowing a broader frequency range of characterization, as well as
allowing the measurement of larger conductivity values. However a larger sensor size
will provide a better communications link.
The external antenna has to be designed to achieve good coupling with the inductor inside the sensor. As a general rule, a single turn antenna, of a similar dimension
to the outer turn of the inductor, can be used. The self-resonant frequency of the
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antenna can also be calculated; it has to be higher than the free space resonance of
the sensor. In addition, following the procedures of chapter 2, simulations of maximum SAR, using the single loop antenna, will be needed to calculate the maximum
acceptable power dependent on the particular application.
The fabricated sensor must then be calibrated in free space, before embedding it
inside the sensing layer to be tested.

5.4

Summary

The tissue characterization techniques developed in the present work have been validated. The extraction of complex permittivity is based on measurements that are
made by the external antenna. Using an equivalent circuit model of the sensor that
accounts for the properties of the encapsulating tissue, analytical expressions have
been developed for the extraction of the tissue permittivity and conductivity. Both
the resonant and broadband frequency technique have been validated when the sensor
is embedded in dispersive biological tissues. Before embedding the sensor in tissue,
a calibration procedure is done where the sensor resonant frequency is noted. This
eliminates the inductance and all parasitic capacitances in the final analytical expression. With the sensor now embedded in tissue, the frequencies at which the sensor
conductance becomes a maximum and at which the susceptance becomes zero are
noted. The technique has been validated for tissue characterization with the sensor embedded in several configurations of multilayered tissue with typical values for
thicknesses and complex permittivities. Since the resonant frequencies respond very
well to the contrast in electrical characteristics, this technique shows great promise
for tissue characterization and differentiation.
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Chapter 6
Conclusions and Future Work

6.1

Conclusions

The major focus of this work has been to develop a technique for tissue characterization and differentiation based on the contrast in the electrical properties between
tissues and for the same tissue in healthy and diseased states. The RF telemetry
consists of an LC sensor embedded in tissue and communicating with an external
antenna by inductive coupling. The extraction of complex permittivity is based on
measurements that can be made by the antenna. Using an equivalent circuit model
of the sensor that accounts for the properties of the encapsulating tissue, analytical
expressions have been developed for the extraction of the tissue permittivity and conductivity. In the present work the LC sensor consists of a planar inductor, and an
interdigital capacitor.
An analytical model is developed using a plane wave to calculate the power loss and
specific absorption rate (SAR) through different multi-layered models composed of
skin, fat and muscle, with typical values of thickness. This has been compared to
results obtained using CST Microwave Studio. In the simulation model, a single loop
antenna is evaluated in proximity to the biological tissue layers. In addition, the
introduction of multiple tissue layers as well as the misalignment effect has been investigated. The effects of frequency, electrical tissue properties, and tissue thickness
152

on SAR are demonstrated. It is shown that there is a large amount of reflection due
to the presence of the skin in the model. Further, the complexity of the multiple
tissue layers is shown to be important in determining SAR levels as the thickness
and dispersive properties of each layer will affect the power transmitting through the
tissue.
The sensor impedance is obtained from the measurements made by an external antenna. In the present work, a resonant frequency technique has been developed for
extracting the electrical properties of the tissue in which the sensor is embedded. In
the equivalent circuit model that has been developed the capacitance and conductance
account for the permittivity and conductivity of the encapsulating tissue. From the
measured input impedance of the antenna, the sensor impedance is determined. Before embedding the sensor in tissue, a calibration procedure is done where the sensor
resonant frequency is noted. This eliminates the inductance and all parasitic capacitances in the final analytical expression. With the sensor now embedded in tissue, the
frequencies at which the sensor conductance becomes a maximum and at which the
susceptance becomes zero are noted. These frequencies have been correlated to the
electrical characteristics of the tissues. The technique has been validated for tissue
characterization with the sensor embedded in several configurations of multilayered
tissue with typical values for thicknesses and complex permittivities. In addition,
since the resonant frequencies respond very well to the contrast in electrical characteristics, this method also provides for a tissue differentiation between its healthy and
diseased states.
Also developed in the present work is a broadband material parameter extraction
technique based on the admittance of the LC sensor which is used to obtain the relative permittivity and conductivity over a large range of frequencies. Once again, the
LC sensor is embedded in dispersive dielectric layers with electrical properties equivalent to those of either normal breast tissue, or cancerous breast tissue. The results
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between the extracted and expected electrical properties agreed very well, with less
than 5% error observed for both the adipose and the tumor tissue cases.
The techniques for tissue characterization is validated through experimentation with
a telemetry consisting of a fabricated transmit/receive loop antenna, and a prototype LC circuit immersed in single and multiple dispersive regions. For validation,
the complex dielectric permittivity of phantom models have been extracted and compared to the one measured with a dielectric probe with good agreement. Additionally,
the saturation of the interdigital capacitor has been studied by performing measurements using different thicknesses for the sensing layer. The results demonstrate that
the extracted values of permittivity and conductivity converge once the capacitor has
reached saturation.
This technique shows great promise in the monitoring of biological tissues. In particular, the differentiation between normal and deceased tissues is possible due to the
contrast in their dielectric permittivity. This information can also be used to monitor
a patient undergoing medical treatment.

6.2

Future Work

The potential directions of this work in the future are as follows:

- Phantom models have been used in the experimental verification of the techniques. They have been used to validate the methods for the characterization of the
biological tissues. There is still a lack of literature on the measurement of biological
tissues in the MHz region. The next step in the research is therefore to perform clinical studies on real biological tissues. This could be helpful in better understanding
the characteristics of tissues in the low MHz region. One of the advantages of this
technique is that only thin samples of biological tissues are needed in order to characterize it. In comparison, the open-coax technique that is often used needs a large
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sample to be tested, in order to perform accurate measurements. Thus, the present
work could also lead to a study of tissue homogeneity, as the properties of only very
thin tissue layers can be separately determined.
- Fabrication of the sensor on silicon and silicon dioxide, and packaging of the
sensor into a bio-compatible device.
- Improvement of the equivalent model could increase the accuracy of the techniques. For example, the parasitic capacitances and conductances from the sensor’s
inductor could be included in the model.
- In the present work, an improved equivalent model for the IDC capacitor has
been included. It proved to be most useful for the characterization of high frequency
permittivity. To the best of the author’s knowledge, the technique presented in this
dissertation has not yet been applied to the characterization of dielectrics using an
IDC. The techniques could be applied to thin film material characterizations, for
example.
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